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ELASTICITY AND INTERNAL FRICTION THROUGH THE KILOCYCLE 
RANGE: REVIEW AND ANNOTATED BIBLIOGRAPHY 
M. 0. Marlowe and D. R. Wilder 
ABSTRACT 
A review of techniques and fundamentals of Young's modulu.s and 
internal friction measurements is presented. The effect of porosity on 
elasticity is extensively reviewed as are factors contributing to internal 
friction. An annotated bibliography of 377 entries covering elasticity 
and internal friction measurements through the kilocycle frequency 
range is included and accompanied by a keyword index. 
I. INTRODUCTION 
A. Elasticity 
The elasticity of a body is a measure of its resistance to defor-
mation. In addition, elasticity implies that the deformation be com-
pletely recoverable. Elastic moduli are defined as the ratios of the 
5 
applied stresses to the deformations resulting from these stresses. The 
various moduli apply to different stress conditions, i.e. Young's 
modulus is applicable to normal (tensile or compressive) stresses and 
strains, the shear modulus to shear stresses and strains. Since the 
deformations must be completely recoverable to be elastic, elastic 
deformation occurs as a uniform increase in interatomic distances. 
Thus, the interatomic forces and structural energy determine the 
elastic behavior of a material. Insight to these more fundamental 
subjects can thus be gained through study of the elastic properties of 
materials. In addition a knowledge of the elastic behavior of materials 
is required for design of structural components. 
6 
B. Internal Friction 
Whereas purely elastic defonnation results in no energy dissi-
pation it is a well known fact that any vibrating body, though completely 
isolated from its surroundings, will eventually come to rest. 300 This 
is a result of energy dissipation within the material, i.e. internal 
friction. In contrast to purely elastic behavior, internal friction is 
characterized by non-uniform transport of material or energy. For 
example, two sources of internal friction that have been observed are 
1) the flow of heat from the compressed part of a sample to the extended 
portion during a cycle of vibration, 2) motion of interstitial solute 
atoms to sites that are preferred under conditions of stress from the 
random distribution in the unstressed state. Internal friction studies 
thus can give valuable information about the nature of such time-
dependent processes. 
II. FUNDAMENTALS 
A. Elasticity 
The effect of shape and elasticity on the resonant frequency of 
flexural vibration of a homogeneous, isotopic prismatic bar was investi-
gated by Lo:r;d Rayleigh274 who obtained 
( l) 
where E is the Young's modulus of elasticity of the bar, pis the density 
of the bar, L is the length of the bar, f is the resonant frequency of 
flexural vibration of the bar, m is a constant depending on the mode of 
7 
vibration of the bar (fundamental, first overtone, etc.), and tis the 
thickness of the bar in the plane of flexure. 
In deriving this relationship Rayleigh originally made the simplify-
ing approximation that the only contribution to the kinetic energy of the 
vibrating bar is the translation of its elements perpendicular to its 
length in the plane of flexure . Rotary inertia, i. e. the inertia of angular 
motion of elements of the bar perpendicular to the plane of flexure, 
contributes to the kinetic energy of the vibrating bar. Rayleigh correct-
ed for this effect by a correction factor multiplied by Eq. ( 1). 
Love217 modified the differential equation of motion from which Eq. 
(1) is derived by considering the lateral inertia of the bar. This is the 
inertia of the motion of contraction and expansion of the cross sections 
of the bar in proportion to Poisson 1 s ratio, IJ, when longitudinally 
extended or compressed. Pickett267 indicates that this correction is 
zero for bars of square cross section and is negligible for bars of 
rectangular cross section. 
Timoshenko338• 339 considered the influence of the shearing forces 
exerted by the cross-sectional elements on one another. He found that 
the correction for shear is about four times as large as that for rotary 
inertia. Timoshenko's differential equation of motion for the bar includes 
the effects of rotary inertia and shear. 
Pickett267 has studied the differential equation given by Timoshenko 
d . 1 . b G 121 H . . d h" 1 an 1ts so uhon y oens. e g1ves equations an grap 1ca repre-
sentations for computing the correction factor whereby Eq. ( 1) may be 
corrected for rotary inertia and shear. The corrections are given for 
Poisson's ratio of 0, 1/6 and 1/3. A tabular representation and 
8 
interpolation of the values of the correction factor for materials having 
a Poisson's ratio of 1/6 has been taken from Pickett's graphs 5-8 
However, as pointed out by Wachtman et al. 35 \ the derivation and 
range of applicability of this interpolation formula are not given. 
Spinner et al. 316• 318 have studied Pickett's correction factor T and 
report that for the fundamental mode of vibration (for which the value 
of the constant m is 4. 7 300), the correction factor can be approximately 
represented by: 
T = 1 + 6. 585(1 + 0. 0752~t + 0. 8109~2)(t/L) 2 - 0. 868(t/L)4 
8. 340( 1 + 0. 2023~ + 2. 173t})(t/L)4 
1 + 6. 338(1 + 0. 14081J.L + 1. 536~2 )(t/L) 2 
The correction factor given by this relationship is very accurate for 
(2) 
long, thin specimens; but the error increases with increasing t/L, and 
for very thick specimens (t/L .,.,. 0. 4) they estimate the error to be about 
1 o/o. 
B. Internal Friction 
There are direct and indirect methods of measuring internal 
f . . 19 3 h d" h d . h . r1ct1on. T e most 1rect met o 1s as t e ratlo 
AW/W 
where t;,.. W is the energy dissipated in the specimen in passing through 
one stress cycle and W is the elastic energy stored within the specimen 
at maximum strain. This ratio is called the "specific damping capacity" 
or the "specific loss". 
The indirect methods of measuring internal friction depend on the 
I' 
following assumptions: 
1) That the restoring forces are proportional to displacement and 
hence to amplitude of vibrations, i.e. Hooke's law applies. 
2) That the frictional or dissipative forces are proportional to 
velocity, i. e. the mechanical damping is a viscosity type of 
function. 
One such measure is the ratio of the amplitudes of successive free 
vibrations, which is a constant under the assumed conditions. The 
natural logarithm of this ratio is commonly referred to as the 
"logarithmic decrement". Kolsky 193 shows that the "logarithmic 
decrement" is related to the "specific loss•• as follows: 
t::.W/W = 2(log. dec.) = 2 lnA /A + 1, n n 
where A and A + 1 are the amplitudes of successive vibrations. 
n n 
(3) 
Another indirect measure of internal friction is the relative sharp-
ness of resonance. If a constant amplitude sinusoidal vibration of 
variable frequency is supplied to a sample, a plot of the sample's 
amplitude of vibration as a function of frequency shows a maximum at 
its resonant frequency, f . The sharpness of this peak varies in-
r 
versely with the internal friction. The relative sharpness is readily 
measured by determining the breadth /!f of the frequency curve at half-
maximum amplitude, and dividing by the resonant frequency. Thus 
l!f/f 
r 
is a measure of the internal friction. 376 Zener shows that this ratio is 
related to the "specific loss" in the following manner: 
9 
10 
tf =J3 (specific loss) =J 3 (L.W/W). 
f Zrr Zrr r . 
( 4) 
The most common measure of internal friction used today is a 
quantity Q derived from analogy with electrical theory which is defined 
as 
1/Q = Q-l = !:1f/(3 f . 
r 
(5) 
The time elapsed during several vibrations and the relative 
amplitudes of the first and last vibrations in this series is a useful 
measure at high frequencies and low internal friction. The relationship 
(6) 
'/Tft 
then applies, where A is the amplitude of the first vibration considered, 
0 
At is the amplitude of a vibration occurring after an elapsed time t and 
f is the frequency of the vibrations. 
III. DYNAMIC MEASUREMENT OF ELASTICITY AND 
INTERNAL FRICTION 
. 129 120 118 . The fust reported work ' ' w1th the sonic technique of 
determining the elastic modulus of materials dealt with ferromagnetic 
materials or with samples to which small pieces of a ferromagnetic 
material were attached to facilitate electrical observation of the vi-
brations. Shortly thereafter Forster 108 described a method applicable 
to nearly any rigid material. The method he described, that of support-
ing the sample by two fine fibers near the nodes and observing the 
sample in flexural resonance, is referred to as "Forster's method". 
This commonly used method employs an electromagnetic driver to 
excite the sample and another similar electromagnetic or piezoelectric 
device to detect the amplitude of the resulting vibration. 108 Forster 
demonstrated the use of his technique to determine the internal friction 
of the test piece by observing the half-width of the resonance peak or 
the rate of decay of free flexural vibrations. Spinner and Tefft318 have 
recently given an excellent review of the experimental mechanics of 
sonic determinations of elastic moduli. 
IV. ELASTICITY AND PROPER TIES 
A. Effect of Porosity on Elasticity 
The effect of porosity on the· mechanical properties of materials, 
11 
particularly sintered oxide ceramics in which porosity is the rule rather 
than the exception, has been the subject of considerable theoretical 
t d 81, 222, 175, 111, 133, 262 s u y. 
The experimental work on the effect of porosity on elastic proper-
ties of materials has shown that, in general, the theoretically derived 
relations do not fit the experimental observations. Empirical and semi-
empirical relations have therefore been used to express the observed 
relationships. 
. 58 
Coble and Kingery made a study of aluminum oxide with induced 
porosity up to about 50 o/o pores. Their work shows that aluminum oxide 
closely approximates the theoretical relationship derived by 
M k . 222 h. h b •tt ( . d.d c bl d ac enz1e, w 1c can e wr1 en assuming as 1 o e an 
Kingery that Poisson's ratio is a constant = 0. 3) 
12 
2 E/E = 1 - 1. 9P + 0. 9P 
0 
where E is the Young's modulus of the material containing P volume 
fraction porosity and E is the Young's modulus of the completely 
0 
dense material. 
(7) 
Ryshkewitch 291 studied the effect of porosity on the compressive 
strength of refractory ceramic materials and observed a semiloga-
rithmic relationship which Duckworth28 expressed mathematically as 
S/S = e -bP 
0 I (8) 
where S and S are strengths corresponding to the elasticities mentioned 
0 
above, b is an empirical constant and e is the Naperian constant. 
Knudsen 186 confirmed this relationship for thorium oxide and 
chromium carbide. He suggested that the reason strength decreases 
with increasing porosity is because an increase in porosity results in 
an associated decrease in the size of the effective or critical load-bear-
ing area within the specimen. 
S . 323 . d 1 . . d f l . "d d pr1ggs exam1ne e ast1c1ty ata or a um1num ox1 e an 
suggested that the relationship between Young's modulus and porosity 
was of the same form as that for strength, i.e. 
E/E 
0 
-bP 
= e (9) 
where all terms are as previously defined. He noted that other mechani-
cal properties, particularly elasticity, would vary with porosity in the 
same manner as strength as a result of the change in size of the 
effective load-bearing area within the specimen. He also observed that 
the empirical constant b takes on different values depending on the 
13 
method of forming the material and that its exact significance is not 
known. He suggests that the value of b associated with a given fabri-
cation technique is related to the relative amount of open and closed 
pores, or the amounts of continuous solid-phase structure and continuous 
pore-phase structure. 
Knudsen 187 reinterpreted the available data on the effect of porosity 
on Young 1s modulus of aluminum oxide and gave a graphical represen-
tation thereof. He showed that the data from ten different investigations 
of samples formed in widely varying manners could be satisfactorily 
approximated by the semilogarithmic relationship of Eq. (9) with a 
single value for the empirical constant b. The previously mentioned 
data of Coble and Kingery58 which approximated the Mackenzie theory 
deviated markedly from that of the remainder of the investigations. 
Spriggs and Brissette322 extended the semilogarithmic relationship 
for aluminum oxide to the shear modulus, given as 
G/G = 
0 
-bP 
e (10) 
where G and G are respectively the shear moduli of the porous and 
0 
nonporous materials and b is an empirical constant as before. They 
show that with this type of relationship for both the Young 1s modulus and 
the shear modulus, the effect of po·rosity on the Poisson 1s ratio can be 
approximated by 
IJ. = /J·o - mP ( 11) 
where IJ. and IJ. are the Poisson1s ratios for the porous and nonporous 
0 
materials and m is an empirical constant. Spriggs, et al. 324 showed 
that the data on magnesium oxide could likewise be represented by 
14 
Eqs. (9) and (10). 
S . 324 h . . 1 322 d h h . . 1 pnggs, av1ng prev1ous y suggeste t at t e emp1nca 
constant b in the relationships for the elastic moduli was related to the 
relative amount of open and closed pores, proposed that the combined 
effect of open and closed pores on the elasticity of polycrystalline 
materials could be expressed by a relationship of the type 
E/E 
0 
(12) 
where P and P are respectively the volume fractions of open and 
0 c 
closed pores, and b and b are corresponding empirical constants. 
0 c 
135 Hasselman stated that even an empirical relationship between 
physical quantities should satisfy the boundary conditions. At the limit 
of total porosity (where P = 1) the semilogarithmic relationships of Eqs. 
(9) and (12) do not give a value of zero for the elastic moduli. He 
proposed the following expression for the relationship of the elastic 
moduli to porosity based on a theoretical relationship of Hashin133 
M/M _ l + AP 
o - 1 - (A+ l)P ( 13) 
where M and M are the elastic moduli (Young's or shear) of the porous 
0 
and nonporous material respectively, and A is an empirical constant. 
The values of M and A to fit this relationship are to be determined 
0 
from statistical analysis of the experimental data for the particular 
material as illustrated by Hasselman. Piatasik and Hasselman266 
later extended this relationship (Eq. 13) to independently account for the 
effects of open and closed porosity. 
Weil, 363 in more recent work with Hashin theory, 133 has shown 
that Hasselman's solution (Eq. 13) is an over-simplification which leads 
to a physically impossible requirement for the Poisson's ratio of the 
nonporous material. He also shows that a statistical analysis of the 
experimental data is not required to compute the effect of porosity on 
Young's modulus as Hasselman suggested, but rather that Hashin's 
theory defines the relationship completely. Weil states that the re-
lationship between Young's modulus and porosity as given by Hashin's 
theory is 
E/E = 1 - p 
o 1 + fP 
( 14) 
where f is the following function of the Poisson's ratio of the nonporous 
material 
( 15) 
S . 1 320 d h h tud f th ff t f 'ty p1nner ~ ~· rna e a t oroug s y o e e ec o poros1 on 
the elasticity of thorium oxide and obtained relationships of the form 
E=E 
0 
2 
- cP + dP ( 16) 
where c and dare empirical constants for both the Young's and shear 
moduli of thorium oxide. They state that the reason most experimental 
15 
results do not conform to the predictions of theory is that the specimens 
depart from the assumptions upon which the theoretical derivations are 
based. These assumptions are that the material is completely hornoge-
nous and contains only spherical, isolated pores. They give experi-
mental proof of the departure from homogeneity in their thorium oxide 
samples and state that this behavior is typical of sintered materials. 
Marlowe and Wilder228 observed a linear relationship 
E = E ( 1-bP) 
0 
(17) 
16 
between Young 1 s modulus and porosity of yttrium oxide, closely approxi-
. 111 137 
mating the relationship obtained by Gatto. Hasselman has also 
suggested the linear relationship . He speculates that since porosity 
does not affect the intrinisic elastic properties of the material itself, 
the linear relationship can be interpreted that only the quantity of 
material ( 1- bP) is carrying the applied load. The quantity bP then 
represents the pore volume Panda quantity of material (b-l)P sur-
rounding the pores which can be considered as completely stress free. 
V. INTERNAL FRICTION AND PROPER TIES 
Experimentally it has been found that for many materials curves of 
internal friction as a function of temperature or of frequency show 
several peaks. These peaks may be attributed to thermal effects, 
structural factors, defects, or grain boundaries. 
A. Internal Friction Resulting from Thermal Effects 
Zener 376 discusses many of the possible energy absorption mecha-
nisms in various materials. Of particular importance in a limited 
range of the low frequency (sonic) region is thermal diffusion or the 
flow of heat from the compressed part of the bar to the extended part 
of the bar during vibration. If the .frequency is quite low, the heat 
transfer will readily occur isothermally and thus reversible during 
each cycle so that there is no energy absorbed. At quite high frequen-
cies there is insufficient time for heat to flow and there is little con-
version of the mechanical energy to heat; thus, with respect to the 
mechanical vibrations, the bar is adiabatic. However, at intermediate 
frequencies between these two extremes, when the frequency is such 
that the period of vibration is commensurate with the time required for 
heat to flow across the section of the bar, there will be a considerable 
conversion of the mechanical energy to heat, and consequently a peak in 
the curve of internal friction as a function of frequency occurs in this 
region. 
If the sample is polycrystalline, another similar type of energy 
absorption mechanism can occur . Adjacent grains will lie in different 
crystallographic orientations with respect to the strain during flexure 
and will, because of their elastic anisotropy, be stressed different 
amounts. Thus, the temperature will vary from grain to grain in the 
sample, causing heat flow between the grains. As before there is a 
low frequency range where the flexure takes place isothermally and a 
high frequency range where the deformation of the grains changes so 
rapidly that no heat flow is possible. The characteristic frequency of 
this type of energy absorption process will be grain size dependent. 
Another energy loss that could be of importance is that of transfer 
of energy in the form of heat from the vibrating bar to its surroundings. 
This is again a frequency dependent process and it is so slow as to be 
193 
negligible except at very low frequencies. 
B. Internal Friction Resulting from Point Defects 
Berry32 has reviewed internal friction caused by point defects, 
their combinations and their interactions. He states that internal 
friction can be expected whenever introduction of the point defect 
produces distortions which have a lower symmetry than the lattice. 
17 
18 
Snoek309 studie d internal friction peaks in iron and attribute d th em 
to the motion of interstitial c arbon and nitrog e n impurity atoms in the 
cubic iron structure under the influence of the applied stress. This 
preferential positioning of the interstitial atoms requires an energy o f 
activation for the jump process to the preferred location. The acti-
vation energy required for this process was determined by observing 
the shift of the temperature at which the maximum of the internal 
f . t. k . h f K 166• 168 d . ·1 t d . r1c 1on pea occurs w1t requency. e, rna e s1m1 ar s u 1es 
of interstitial carbon, nitrogen and oxygen in tantalum. 
Zener376 made a thermodynamic study of the energy absorption 
caused by preferential distribution of atoms induced by stress . By 
observing the internal friction resulting from the preferential orien-
tation of the interstitial impurities in iron and tantalum, Wert and 
Zener364 were able to deduce the atomic diffusion coefficients for the 
interstitial solute atoms in the particular system. Le Claire210 
extended the technique to substitutional solute atoms. 
In his original work Snoek309 suggested use of the amplitude of the 
internal friction peak as an analytical indicator of the concentration of 
the interstitial impurity atoms in solid solution in the iron sample. 
Ke 168 also noted the value of internal friction as a sensitive indicator 
of the solute atoms in solid solution, a quantity difficult to determine 
by other means. 
Wachtman357 has combined dielectric loss measurements and 
internal friction measurements in a study of preferential orientation of 
vacancy-impurity atom pairs in thorium oxide under the influence of 
electrical and mechanical stresses. 
C. Structural Effects and Internal Friction Glasses 
The highly disordered structures of glasses offer a valuable in-
sight into the relations between structure and internal friction. A low 
frequency peak is present in glasses containing sodium and or potassi-
um but is absent in pure silica. 149 The peak is commonly attributed to 
stress-induced diffusion of the large cations. The activation energy of 
the internal friction mechanism was shown to be the same as that for 
sodium ion diffusion and electrical conduction in the glass. 
Fitzgerald101• 102 has shown that this internal friction peak does not 
fit the mathematical model of a loss process having a single relaxation 
time, but does fit a normal distribution of the logarithms of relaxation 
times. This confirms the generally accepted model of a random silica 
network with the large cations in the interstices. 
106 Forry studied sodium-silicate glasses and found two internal 
friction peaks at different temperatures. He observed that the ratio of 
the activation energy of the high temperature peak to that of the low 
19 
temperature peak was two; thus, he concluded that the high temperature 
peak was caused by cooperative action among sodium ions in the glass 
network. 
Ryder and Rindone289 studied simple alkali silicate glasses with 
alkaline-earth oxide additions and found internal friction peaks in 
several of these glasses at temperatures higher than those found in the 
simple alkali glasses. They postulate290 that this peak may be a result 
of the formation of alkaline-earth rich clusters which are formep in the 
glass having elastic or anelastic properties different from the network. 
20 
These structuralh· di ~ferent clusters may lag behind the vibrations of 
the network resulting in an energy absorption. 
Day a 11 d Rindone 7 2 studied the nucleation and crystallization of 
lithium silicate glasses by means of internal friction. They noted that 
a high temperature internal friction peak not present in chilled glasses 
occurred in these glasses before any crystallization was observable 
with X-rays; and the peak changed from a mere inflection to a pronounced 
peak with increasing crystallization. This supports the cluster-network 
theory mentioned above and is a sensitive indicator of the nucleation 
process. 
D. Internal Friction Resulting from Line Defects 
Read275 was the first to recognize the contribution of the motion of 
dislocations to the internal friction of materials. He attributed the 
observed internal friction to the dissipation of energy associated with 
the atomic jumps and local slip of the order of one atomic distance. 
189 Koehler suggested that the observed internal friction was caused 
by dislocations pinned by impurity atoms. The model proposed for the 
energy dissipating mechanism was that of a dislocation pinned by 
impurity atoms at various positions along its length oscillating back and 
forth like a stretched string undergoing damped vibrations. 
123 124 Granato and Lucke ' expanded Koehler's model somewhat to 
more adequately account for the dependence of internal friction on 
strain amplitude. In their model the dislocations are pinned by the 
"nodes" of the dislocation network, that is the meeting points with other 
dislocation components not in the slip plane, and by impurity atoms. 
21 
This model provides for two types of damping, one a frequency-dependent 
strain amplitude-independent loss caused by simple vibration of the dis-
location line between impurity atoms as in Koehler's model. This loss 
results in a constant internal friction at low strain amplitudes. The 
second loss is frequency independent but strongly dependent on strain 
amplitude. This loss occurs when the applied stresses are larg.e enough 
to cause the dislocation to break away from its impurity pinning points 
resulting in a large increase in the dislocation strain for no increase in 
applied stress. Upon reversal of the stress, the dislocation loop does 
not follow the same path back to its original position so that a hysteresis 
loss is generated. If the stress is sufficiently large, the dislocation 
continues to bow about its "nodes" eventually creating a new dislocation 
loop in the manner of the Frank-Read source. The distances between 
impurity atoms along the dislocation lines vary somewhat giving rise to 
a distribution of loop lengths resulting in a smooth increase in internal 
friction with strain amplitude. Larger concentrations of impurity atoms 
shorten the loop lengths, lowering the stress required to bow the dis-
location line, hence, decreasing the internal friction. This model 
adequately describes the effects of sample purity and strain amplitude 
on internal friction. 
Lucke and Granato218 have reviewed this model as well as others 
and have checked the agreement with experimental data. Leibfried213 
and Klemens 189 have considered the contribution of dislocations to 
internal friction through scattering of sound waves by the stress field of 
the dislocation. 
Bordoni 36 observed an internal friction peak at low temperatures 
22 
in several recently strained materials. 235 These peaks have been found 
to have characteristic activation energy interpreted as the thermal 
energy required for the dislocations to overcome the energy barriers 
. db p . 1 f 265 1mpose y e1er s orces. These forces originate in the fact that 
though it is almost free, a dislocation still possesses some preference 
for certain special positions in the crystal lattice where it causes the 
least energetic disturbance to the surrounding atoms. 
E. Internal Friction Resulting from Grain Boundaries 
It has been known for quite some time that grain boundaries in 
materials behave in a viscous manner. 28 A continuing controversy 
exists over the material composing these boundaries. One opinion284 
is that the grain boundaries are composed of an amorphous cement. 
This has not been disputed in the case of certain materials (e. g. porce-
lain-type ceramics) because the existence of a glassy material at the 
grain boundaries has been accepted. However, in the case of metals, 
the "amorphous cement theory" has been opposed by the belief that 
metals could not exist in the amorphous state below their melting points. 
Jeffries and Archer 156 noted that, in the case of metals, "The 
essential fact is that the grain boundary metal possesses mechanical 
properties like those of a vitreous amorphous substance." Zener 
extended these thoughts and eliminated the need for the existence of a 
1 h . 1 h . b d . H t 37 6, p. 148 tru y amorp ous mater1a at t e gra1n oun ar1es. e wro e, 
"It is necessary (to end the above mentioned controversy) to assume 
only that the resistance to slipping of one grain over an adjacent grain 
obeys the laws commonly associated with amorphous materials rather 
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than the laws associated with crystalline materials." 
Consider the effect of viscous grain boundaries on the internal 
friction of materials. Viscous flow is always accompanied by the dissi-
pation of mechanical energy; hence, in materials whose grain boundaries 
behave in a viscous manner there will be some contribution to internal 
friction. The mechanical energy dissipated at each individual grain 
boundary is given by 
Energy dissipated a (relative displacement) x (shear stress). (18) 
Zener points out that if the frequency of vibration is sufficiently 
high the stress across the grain boundaries does not completely relax 
during a half-cycle and the internal friction will be proportional to the 
grain boundary area per unit volume, i.e. inversely proportional to the 
grain size. The deformation of a viscous material obeys the relation-
ship 
Shear stress = 17 x (shear strain rate) ( 19) 
where 17 is the coefficient of viscosity which varies with temperature in 
the following manner 
17 0! exp H/R T (20) 
where His the activation energy, R the gas constant and T the absolute 
temperature . Because of this restriction the effect of increased temper-
ature is to increase internal friction. 
Z 3 7 6' p. 15 0 h t . f th . d' . d 1 . . ener states t a even 1 e 1n 1v1 ua gra1ns are equ1-
axed and of uniform size, it is anticipated that only a fraction of the 
over-all stress can be relaxed by grain-boundary slip. In this case of 
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equiaxed uniform grains the internal friction ceases to continue to in-
crease with temperature. Reconsider the right side of Eq. (18). At low 
temperatures the relative displacement of neighboring grains is very 
small because of the high viscosity of the grain boundary. Similarly, at 
high temperatures the shear stress resisting motion becomes very small 
because of the low viscosity of the grain boundary. Thus we see that 
only at temperatures intermediate to these extremes, where the product 
of the relative displacement and the shear stress across the grain 
boundaries does not become very small, is there any appreciable contri-
bution to internal friction. 
Ke observed a peak just as that described above in the internal 
friction-temperature curves of polycrystalline aluminum and magnesium. 
This peak was not observed in the case of the single crystal materials. 
He was able to discount all other possible sources of internal friction 
and proposed that the mechanism producing the internal friction peak in 
the polycrystalline materials was that of grain boundaries behaving in a 
viscous manner. 
In another study Ke 164 showed that the magnitude of the internal 
friction peak was independent of grain size if the grain size is small 
with respect to the sample size. This can be deduced in the following 
manner. In the temperature range · of the peak, the internal friction is 
directly related to the product of the grain boundary area per unit 
volume and the average relative displacement at the grain boundary. 
The grain boundary area per unit volume is inversely proportional to 
grain size. The relative displacement of a given grain is directly 
proportional to grain size since larger grains will be able to slip 
further before becoming completely blocked than will small grains. 
Since one of the terms of the product is inversely proportional to grain 
size and the other term is directly proportional to grain size, their 
product is independent of grain size. Thus, a change in grain size will 
not affect the magnitude of the internal friction peak but will shift the 
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position of the peak to higher temperatures with an increase in grain 
size . Ke showed that an increase in frequency of vibration had the same 
effect as an increase in grain size. The shift of the internal friction 
peak to higher temperatures with an increase in grain size or an in-
crease in frequency of vibration is a result of the higher temperature 
required for the same degree of relaxation. 
In a subsequent study Ke 165 showed that the activation energy for 
grain boundary slip is essentially the same value as obtained for creep 
and for self diffusion in~ -brass, ~ -iron and aluminum. If this agree-
ment in activation energies is found in all materials, it indicates that 
grain boundary slip and volume diffusion involve the same mechanism 
and that grain boundary slip can be considered as microscopic creep. 
Mott245 and Ke 169 developed models for the atomic behavior at the 
grain boundary to account for the observed slip. Mott 1 s hypothesis was 
that the elementary act of grain boundary slip was the disordering of 
atoms around islands of good atomic fit in the boundary. He also showed 
that this model would adequately explain the atomic process occurring 
to produce recrystallization of cold-worked material. In this instance 
he assumed that the crystal grows by the disordering or melting of 
groups of atoms of the cold worked material which subsequently take up 
the structure of the growing crystal. 
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Ke 1 s model was one of numerous slightly disordered areas in the 
grain boundary which could move under the influence of an applied 
stress. The elementary act of slip is the squeezing of two atoms in a 
disordered area past each other. He showed that the effect of impuri-
ties was to lower the internal friction peak attributed to grain boundary 
sliding, reasoning that this was a result of the impurity atoms blocking 
the motion of the disordered areas. 
More recently Miles and Leak, 238 observed that in very pure iron, 
the activation energy for the internal friction peak attributed to grain 
boundary sliding has a value equivalent to that of grain- boundary clif-
f . L k 210 h h d. . . . f us1on. ea suggests t at t e energy 1ss1pat1on process 1s one o 
stress-induced grain boundary migration rather than sliding. 
In ceramic materials Wachtman and Lam, 352 and Chang50 have 
attributed a high temperature internal friction peak to grain boundary 
sliding. Crandall, et al. 66 observed this peak to be greatly decreased 
in more fully dense material and attributed it to bulk crystal imper-
fections, whereas they thought the larger peaks observed by Wachtman 
and Lam, and by Chang, to be a result of macroscopic imperfections in 
the grain boundaries. 
VI. BIBLIOGRAPHY 
A. Introduction 
The bibliography and review are the result\of an effort to bring 
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observed. Examples of the method are given and 
an analysis of results is presented. 11 
18. K. A. Baab and H. M. Kraner, Sonic method for determining 
Young's modulus of elasticity, J. Am. Ceram. Soc. ~ 318-320 
(1948). 
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the other properties commonly used. From the 
work that has been done, it is apparent that this 
property shows a more definite correlation with 
firing temperature than the other properties and 
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31 
32 
for the various brands and the comparisons made only 
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molecules, if the existence of intermolecular associ-
ation is taken into account. At high frequencies the 
internal friction of each glass tends toward a definite 
frequency-independent value; the magnitude of these 
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46. A. Z. Chaberski (see references 301 and 302 by P. T. B. 
Shaffer, ~ al. ). 
4 7. R. H. Chambers and J. Schultz, Low temperature stress -relaxa-
tion peaks in plastically deformed poly-crystalline niobium, Acta 
Met. ~. 585-587 (1960); Nuc. Sci. Abs. 15-662 (1961). 
"Observation of stress-relaxation absorption peaks 
at low temperatures are related for a plastically 
deformed b. c. c. metal. Acoustic energy absorption 
peaks for frequencies in the tens of kilocycles were 
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relaxation decreasing the grain boundary viscosity at a 
given temperature. The results are discussed in terms 
of the current theories of high temperature creep and 
grain boundary slip in crystalline solids. " 
51. R. Chang, Phase transformations, twinning, and anelastic 
phenomenon associated with zirconium dihydride, J. Nucl. Mater. 
~. 335-340 (1960); Ceram. Abs. 195b (1961). 
"The atom movements and crystallography of cubic 
to tetragonal transformation in ZrH2 are studied and 
discussed according to the phenomenological theories 
of Bowles and Mackenzie and of Wechsler, Lieberman, 
and Read. The large internal friction peak found in 
ZrHl. 92 (but absent in ZrH1. 6) suggests that it is 
associated with a stress induced twin interface motion. 
The relaxation phenomenon appears to be controlled by 
a diffusion process, presumably that of hydrogen, with 
an activation energy of about 20, 000 cal/mole." 
52. R. Chang, The elastic and anelastic properties of refractory 
materials for high-temperature applications, in W. W. Kriegel and 
H. Palmour, eds., Mechanical Properties of Engineering Ceramics, 
209-220 (Interscience Publishers, Inc., New York, 1961). 
"Examples of anelastic phenomena associated with 
grain boundary relaxation, twin interface motion, or 
dislocation motion in some refractory oxides and other 
high temperature materials are presented. The signifi-
cance of such studies in providing fundamental informa-
tion about detailed mechanisms of deformation in ceramic 
materials is discussed. 11 
53. C. Chiou (see reference 98 by M. E. Fine and C. Chiou). 
54. V. G. Chirba (see reference 113 by D. F. Gibbons and V. G. 
Chirba). 
55. P. Chollet (see reference 42 by J. Butler, P. Chollet and C. 
Crussard). 
56. D. H. Chung (see reference 66 by W. B. Crandall, et al. ). 
57. D. H. Chung, J. J. Swica and W. B. Crandall, Relation of single-
crystal elastic constants to polycrystalline isotropic elastic 
moduli of MgO, J. Am. Ceram. Soc. 46, 452-457 (1963); Ceram. 
Abs. 296j (1963). -
"The three elastic compliance coefficients of 
synthetic periclase were determined in the kilocycle 
frequency range by a resonance method. Elastic 
moduli were measured on dense-formed polycrystalline 
MgO. The isotropic elastic moduli for polycrystalline 
MgO calculated from the single-crystal constants are 
in good agreement with experimental values measured 
on the dense MgO at the theoretical density point. The 
measured Young's modulus and shear modulus of 
polycrystalline MgO are 30.50 and 12.90 x loll 
dynes/cm2, respectively. The results are compared 
with those of earlier work in the megacycle range. 
A theoretical analysis is made to establish the validity 
of the present values. Schemes of averaging the single 
crystal elastic constants for polycrystalline behavior 
are reviewed for crystals of cubic symmetry." 
58. R. L. Coble and W. D. Kingery, Effect of porosity on physical 
properties of sintered alumina, J. Am. Ceram. Soc. 39, 377-385 
(1956); . Ceram. Abs. 101 (1957). -
"Porous structures having a continuous solid 
phase with isolated pores were prepared by the 
addition of different amounts of crushed napthalene 
to an alumina casting slip. Samples of from 5 to 50 
per cent porosity were fired together for comparable 
grain development eliminating structural variables 
except porosity. Effects of porosity and temperature 
on strength, elastic modulus, modulus of rigidity, and 
coefficients of thermal expansion were investigated. 
Effects of porosity on thermal stress resistance and 
39 
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torsional creep properties were studied at constant 
temperature. 11 
59. R. L. Colombo, Comment on paper, "Relation of single-crystal 
elastic constants to polycrystalline isotropic elastic moduli of 
MgO" by Dae-Hyun Chung, J. J. Swica and W. B. Crandall, J. 
Am. Ceram. Soc. 47, 255 (1964). 
The three common methods of averaging single 
crystal elastic constants to obtain polycrystalline 
elastic constants are compared with measured values 
for several materials (see reference 57). 
60. R. K. Cook and J. H. Wasilik, Anelasticity and dielectric loss of 
quartz, J. Appl. Phys. ?::!.._, 836-837 (1956); Ceram. Abs. 7la (1957). 
"Anelastic effects in quartz observed by R. K. 
Cook and R. G. Breckenridge (Phys. Rev. 92, 1419 
(1953)) and dielectric losses reported by M:-R.. Stuart 
( Ceram. Abs. l 05h, 1956) are ascribed to the same 
physical mechanism, viz., the motion of metallic 
interstitial ions in the "tunnels" of the quartz lattice." 
61. D. E. Cooley, Sonic determination of elastics constants in graphite. 
Atomic Energy Commission Publication No. HW-75654 (July, 1962). 
The effects of support positions and nonunifqrm 
cross-sections on the flexural resonance frequency of 
samples were studied. 
62. R. E. Cowan, Sonic method for measuring Young's modulus of 
elasticity of porcelain enamel-metal composites, Finish 12, 40-42, 
62-64 (1955); Ceram. Abs. l02d (1955). -
"Modulus of elasticity is defined as the ratio of 
stress to strain below the elastic limit. Young's 
modulus is obtained when a sample is tested in flexure. 
The sonic method of measuring Young's modulus of 
elasticity is especially well suited to porcelain enamel-
metal composites. The data and theory correlate 
well, and statistical analysis indicates good test 
control. The low level of stress used in sonic testing 
may result in moduli which are of lower magnitude 
than those determined statically. Disrupting the 
continuity of the enamel coating, e. g. cracking during 
thermal shock does not affect the sonic modulus of 
elasticity of the composite ... " 
63. R. S. Craig (see reference 192 by P. Kofstad, R. A. Butera and 
R. S. Craig). 
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64. W. B. Crandall and C. A. Bryant, A sonic method of measuring 
Young's modulus of elasticity at high temperature. Atomic Energy 
Commission Publication No. NP-5054 (Dec., 1953); Nuc. Sci. 
Abs. 8-1584 (1954). 
"A method of measuring Young's modulus of 
elasticity employing a sonic technique is described. 
This method has the advantage of being usable over 
a fairly wide range of temperatures, is nondestructive, 
and is capable of reproducing values to within plus or 
minus 1 per cent. An audio-frequency generator is 
used to drive a long thin bar suspended by a Pt wire 
from a speaker cone. Another wire attached to a 
variable reluctance pickup needle suspends the bar at 
the other end. An oscilloscope is used to detect the 
resonant frequency of the bar from the pickup device. 
A simple relationship is used to relate the resonant 
frequency of the bar to Young's modulus. 11 
65. W. B. Crandall and J. Ging, Thermal shock analysis of spherical 
shapes, J. Am. Ceram. Soc. 38, 44-54 (1955); Ceram. Abs. 40c 
(1955). -
"A method is described for studying the thermal 
shock characteristics of a brittle material. An 
analysis of the thermal stresses developed in a 
homogeneous isotropic solid sphere has led to th.e 
formulation of an equation relating the physical 
properties of the body to the temperature difference 
causing failure and time to maximum stress in a 
single-cycle unsteady state test. The thermal shock 
test consisted of plunging a sphere at one uniform 
temperature into a medium at another temperature. 
The thermal shock relationships were tested using a 
high-alumina body. The physical properties relating 
to the thermal shock equations were measured, and 
time to maximum stress were compared with 
measured values. Sufficient agreement was found to 
lend support to the theory ... 11 
The elastic modulus was measured to 1000°C by 
Forster's method to facilitate the calculations. 
66. W. B. Crandall, · D. H. Chung and T. J. Gray, The mechanical 
properties of ultra-fine hot-pressed alumina, in Kriegel, W. W. 
and Palmour, H. eds., Mechanical Properties of Engineering 
Ceramics, 349-379, Interscience Publishers, Inc., New York, 
1961. 
"Hot-pressed specimens having a density of 
98 to 99 per cent of theoretical have been produced 
from pure alumina with all particles less than 5 microns 
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in size. Other specimens with small additions of 
silica were hot pressed having the same fine micro-
structure. Measurement of elastic constants from 
room temperature to 1200°C has revealed very little 
grain boundary relaxation even at high temperatures, 
contrary to the behavior of normally sintered alumina." 
67. W. B. Crandall (see references 130 and 131 by R. Hanna and W. 
B. Crandall). 
68. C. Crussard (see reference 42 by J. Butler, P. Chollet and C. 
69. 
Crussard). 
A. I. Dashkovskii, A. I. Evstyukhin, 
Skorov, Internal friction in uranium. 
Publication No. AEC-tr-4407 ( 1960}; 
(1960}. 
E. M. Savitskii and D. M. 
Atomic Energy Commission 
Nuc. Sci. Abs. 14-22046 
"The internal friction and shift in uranium are 
analyzed as functions of temperature. Internal 
friction in~ uranium depends on thermal treatment 
and is reduced after annealing in {3 andy phases. In 
polymorphous transformations the internal friction 
isothermally varies its magnitude. The~-~ and 
y-{3 transformations are followed by reduced internal 
friction and (3-y and {3-~ by increased internal 
friction. Each polymorphous uranium modification 
at various temperatures possesses an inherent 
magnitude of internal friction." 
70. W. R. Davis and G. R. Rigby, Measurement of Young's modulus 
of silica refractories at high temperatures. Gas Council (Gt. 
Brit.} Research Commun. No. GC27, 4 7-62 ( 1955}; Ceram. Abs. 
78c (1956}. 
"Young's modulus was determined by a sonic 
method on vertical bars vibrated by a small moving 
coil vibrator fed from a variable-frequency audio 
oscillator via a variable-gain power amplifier, the 
wave form of the detected vibrations being observed 
on an oscillator screen. The frequency of the 
oscillations was altered to suit the test piece and 
secure maximum amplitude on the screen. Brick of 
low quartz content between 15° and 200°C showed a 
decrease in Young's modulus caused by the tridymite 
. . " 1nvers1ons ... 
Various other effects are observed due to other 
mechanisms occurring duringthe heating of the brick. 
71. W. R. Davis, Estimation of the modulus of rupture and cold 
crushing strength of refractory materials by a sonic method. 
Gas Council (Gt. Brit.) Research Commun. No. GC39, 34-40 
(1957); Ceram. Abs. 70h (1958). 
11 Davis describes tests which showed that the 
sonic determination of Young's modulus of elasticity 
enables values of the cold crushing strength of 
refractory materials to be estimated within 10 per 
cent, which is sufficiently accurate for many purposes. 
This method is very rapid and does not damage the 
test piece. 11 
72. D. E. Day and G. E. Rindone, Internal friction of progressively 
crystallized glasses, J. Am. Ceram. Soc. 44, 161-167 (1961); 
Ceram. Abs. ll3i (1961). -
"The internal friction of partly crystallized 
Li20-2. 75Si02 glass fibers, containing a maximum 
of 7 8 per cent lithium disilcate crystals, was 
measured by the torsion pendulum technique. The 
following changes in the internal friction were 
observed with increasing crystallization; ( l) the low-
temperature peak, generally attributed to the stress-
induced diffusion of alkali ions, decreased continuously 
in height and shifted to higher temperatures at the 
higher crystal contents, (2) the intermediate-tempera-
ture peak decreased continuously in height, and (3) a 
new relaxation, which first appeared as an inflection 
in the background of the glasses which had been 
nucleated at 500°C without any crystallization, became 
a well-defined peak in the partly crystallized fibers. 
It is suggested that this new relaxation may be an 
indication of the early stages of nucleation. Possible 
explanations are given for the high-temperature 
relaxation observed in the partly crystallized glasses." 
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73 . D . E. Day and G . E. Rindone, Properties of soda aluminosilicate 
glasses : II Internal friction, J. Am. Ceram. Soc. 45, 496-504 
(1962); Ceram. Abs. 256j (1962). -
"Internal friction measurements of soda alumino-
silicate glasses are discussed. The low and inter-
mediate-temperature internal friction peaks were 
studied in detail and are shown to be due to the stress-
controlled movement of the sodium and nonbridging 
oxygen ions, respectively. A close correlation was 
found between the temperature shift of the low-tempera-
ture peak and the activation energy for electrical 
conduction in the glasses. The magnitude of the low 
temperature peak was found to depend more on the 
structural environment of the sodium ions than on the 
actual soda content. Changes in the intermediate-
44 
temperature peak are explained on the basis of the 
structural model proposed for these glasses." 
74. H. G. Deban (see reference 263 by H. A. Pearl, J. M. Nowack 
and H. G. Deban). 
7 5. A. R. Decker, Note regarding the sonic determination of modulus 
of elasticity using round-section bars, J. Am. Ceram. Soc. ~~ 
192 (1950). 
Decker discusses the paper by T. C. Powers, 
(see reference 270) "Measuring Young's modulus of 
elasticity by means of sonic vibrations". An error in 
the method of calculating Young's modulus of bars of 
round cross -section from their resonant flexural 
frequency is corrected. 
76. E. Deeg, Investigation of the elastic-plastic behavior of a hard 
porcelain body from the wet plastic to the fully fired state, Ber. 
deut. keram. Ges. 33, 1-7 (1956); Ceram. Abs. 147g (1956). 
11 The theory of the determination of the modulus 
of elasticity and of the internal friction (or power loss 
due to mechanical damping) is described, and some 
details are given of an apparatus for the sonic 
resonance method of measurement at temperatures up 
to 750°C. The test chamber can be evacuated to . 
eliminate moistening by the surrounding air. The 
room temperature moduli of elasticity of wet plastic 
(25o/o), dry, and fired porcelain were 6, 10, and 
60 x 10 10 dynes/cm2 . The curves relating the 
change of room temperature elasticity (generally an 
increase) and internal friction (generally a decrease) 
with increase of the temperature of pretreatment 
show marked peaks, troughs, and inflections associated 
with the change in moisture content, removal of the 
adsorbed moisture at 100° to 150°C, decomposition of 
the kaolinite lattice at 400° to 420°C, quartz inversion 
at 580°C, decomposition of the metakaolin lattice at 
830- 850°C, formation of y-A1 2o 3 or mullite at 
950- 990°C, secondary mullite formation at 1150 to 
1200°C, and the initial melting of the feldspar at 
1300°C. Similar but less intricate curves were 
obtained during the actual heating of the test piece. 
The major part of the decomposition of the body at 
600°C occurred during the first 40 to 60 minutes . 11 
77. R. S. Degenicolb (see reference 370 by T. A. Willmore, R. S. 
Degenicolb, R. H. Herron and A. W. Allen). 
78. F. Degering (see reference 22 by S. W. Barber, K. E. Forry and 
F. Degering). 
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79. G. K. Demishev, Apparatus for determining the elastic constants 
of glass and ceramics, Steklo i Keram. 16, 31-34 (1959); Ceram. 
Abs. l4j (1960). -
"The apparatus is based on a resonance thick-
ness gauge. 11 
80. K. L. DeVries (see reference 115 by P. Gibbs, et al. ). 
81. J. M. Dewey, The elastic constants of materials loaded with non-
rigid fillers, J. Appl. Phys. ~! 578-581 (1947). 
"General expressions are given for the modulus 
of rigidity, Gz, and compressibility, k, of a medium 
of Lame 1 s constants G 1 and G 2, loaded with a volume 
fraction f, of a filler of constants G1 and G 2 . To 
terms in the first power of f 
k = k + 
I 
3 + 4G2k I 
3 + 4G k (k + k) f 
2 
If the filler is a gas at pressure, p, in a nea_rly 
incompressible medium, these give 
- [ E f J Young's modulus E = E 1 - 9p 4 E 
Modulus of rigidity G'2 = G 2 (1 - 5/3 f) 
3f 
Compressibility K'2 = k + 3p + 4 G 2 
where f is the volume loading, p is the pressure 
within the spherical cavities in the deformed state. 
Barred symbols refer to the properties of the loaded 
material, unbarred to the medium alone. Ex-
pressions for the displacements and stresses within 
the medium and the particles, neglecting inter-
actions between particles, are also given. 11 
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82. E. W. Dickson and H. Strauch, Apparatus for measurement of th e 
internal friction of metals at kilocycle frequencies. Atomic Energy 
Commission Publication No. NP-12682 (Oct., 1958); Nuc. Sci. Abs . 
17-20404 (1963). 
11 An apparatus was constructed to measure the 
internal friction of metal specimens, in this case Be, 
at frequencies of ~ 30 kc/s. Though similar to that 
used elsewhere, this apparatus has the unique 
feature of a regenerative circuit which gives complete 
control of the amplitude of oscillation of the metal 
specimen. It also allows a predetermination of the 
resonance frequency and hence Young's modulus for 
the specimen. A method of calculating the vibration 
amplitude is given together with brief details of the 
electrostatic detection circuit. The apparatus is 
being used in a study of the interaction between 
impurity atoms and dislocations, which forms part of 
the research program on the plastic deformation 
properties of Be. 11 
83. L. J. Dijkstra, Elastic relaxation and some other properties of 
the solid solutions of carbon and nitrogen in iron, Phillips Res . 
Repts. ~' 357-381 (1947). 
"The theory of elastic relaxation in ~-iron by 
carbon and nitrogen in solid solutions, as given for 
the first time by Snoek and later elaborated by Polder, 
predicts a strong anisotropy for the various crystal 
directions. This theoretical conclusion has been 
confirmed in a series of experiments carried out on 
prepared single crystals of iron in the [ 100] and [ lll] 
directions. For carbon we were able to check the 
theoretical absolute magnitude of the effect. The 
question of the most probable place of the dissolved 
particles in the iron lattice is also discussed. 
Finally at 20°C the rate of segregation taking 
place in the form of a carbide or nitride has been 
determined by measuring the decrease in magnitude of 
th~ elastic relaxation in the course of time." 
84. J. Distante (see reference 10 by J. F. Andrew, et al. ). 
85. C. E. Dixon and H . Hori, Internal friction and shear modulus of 
thorium at high temperatures. Atomic Energy Commission 
Publication No. NAA- SR-1846 (April, 1957); Nuc. Sci. Abs. 
ll-5882 (1957). 
"Internal friction and shear modulus measure-
ments were made on iodide-processed Th wire with a 
torsion pendulum, in vacuum, at temperatures 
between 20 and 800°C. In small-grained specimens 
a grain boundary internal friction peak was observed 
at about 530° C along with a corresponding relaxation 
of the shear modulus. The activation energy for this 
relaxation process was found to be 7 3 plus or minus 
7 kilocalories per mole from measurements of the 
frequency dependence of the position of the peak. 11 
86. H. Donth, Theory of the low temperature peak of the internal 
friction of metals. Atomic Energy Commission Publication No. 
AEC-tr -3390; Nuc. Sci. Abs. 12-17 206 ( 1958). 
11 The low-temperature peaks of internal friction 
of metals, interpreted as kinks (over-dislocations), 
were investigated. Pairs of kinks can develop 
continuously through an increase in energy from 
normal vibrations of the dislocation line, and the 
energy enrichment is not a spontaneous but a stochastic 
process which can be described as the diffusion of 
energy-forming points of vibrations. The average 
velocity and the diffusion coefficient of the movement 
of these energy-forming points are calculated and the 
relaxation time for the formation of kink pairs with a 
sufficient distance for the release of the dislocation 
transfer is determined. 11 
87. R. W. Douglas (see references 240 and 241 by I. Mohyuddin and 
R. W. Douglas). 
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88. W. Duckworth, Discussion of Ryshkewitch paper, J. Am. Ceram. 
Soc. 36, 68 ( 1953). 
An exponential relationship for the strength-
porosity relationship observed by Ryshkewitch (see 
reference 291) is proposed. 
89. J. E. Eaton (see reference 129 by G. Grime and J. E. Eaton). 
90. K. M. Entwistle, The internal friction of metals, Metallurgical 
Rev. '!_, 175-239 (1962). 
An extensive review of internal friction in metals 
is given. The more recent data ( 1949-1962) is 
included and reinterpretation of some of the older 
internal friction data and theories based on these more 
recent results are given. 
91. A. I. Evstyukhin (see reference 69 by A. I. Dashkovskii, et al.). 
92. D. Ewen (see reference 284 by W. Rosenhain and D. Ewen). 
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93. F. E. Faris, L. Green, Jr., C. A. Smith, Thermal dependence of 
the elastic moduli of polycrystalline graphite, J. Appl. Phys. 23, 
89 (1952). 
"Young's modulus and the shear modulus of grade 
SA-25 molded graphite and grade AUF extruded 
graphite were measured as functions of temperature 
in the range from 25° to 2000°C. In the case of the 
extruded material, variations of the two moduli with 
position and direction relative to the axis of extru-
sion were also investigated. The moduli were found 
to increase with temperature, a behavior in contrast 
with that exhibited by most materials. Maxima in the 
low frequency shear modulus values and increases in 
the internal friction of both graphites observed in the 
range from 1550 -l750°C may possibly be interpreted 
in terms of grain boundary relaxation. The bulk 
modulus and Poisson's ratio at room temperature 
were calculated from the data for the nominally 
isotropic SA-25 graphite to be 6 x 1010 dynes/cm2 
and 0. 27 respectively." 
94. N. S. Fastov (see reference 99 by B. N. Finkel' shtein and N. S. 
Fastov). 
95. R. Fichter, Damping in metals. Atomic Energy Commission 
Publication No. IG-Inf. Ser. 14; Nuc. Sci. Abs. 14-.23308 (1958). 
"A report based on previously published articles 
is presented in which damping is treated as an aid in 
research on metallic structures. Fundamentals are 
discussed and the methods and apparatus of measure-
ment are examined. The causes of damping are 
described, and results of measurements in structural 
research are set forth. Nondestructive testing of 
materials with the aid of damping measurements is 
briefly reviewed. 11 
96. C. L. Fillmore (see reference 206 by S. M. Lang, et al.). 
97. M. E. Fine, Apparatus for measuring the elastic moduli and 
internal friction of solids from l. 7 to above 77°K and some values 
fora-quartz, Rev. Sci. Inst. 25, 1188-1190 (l954). 
"Apparatus for measuring the moduli and 
internal friction of solids at temperatures from l. 7 
to above 77°K is described. The resonant piezo-
electric method with quartz transducers is used. 
The frequency range is 30 to 450 kc/sec. For cali-
bration variously oriented quartz crystal were 
measured over this temperature range and the 
values are given." 
98. M. E. Fine and C. Chiou, Acoustic relaxation effect in Mn304, 
Phys. Rev. 105, 121-122 (1957); Ceram. Abs. 243c (1960). 
"Internal friction of hausmannite, Mn3 04, was 
determined by the resonant longitudinal method using 
piezoelectric excitation and detection at frequencies 
of 50 to 180 kc/sec. By analogy with the isomorphous 
magnetite and Ni-Fe ferrites the internal friction 
peaks were attributed to stress induced change in the 
distribution of Mn2+ and Mn4+. The activation energy 
is 9500 cal/mole. " 
99. B. N. Finkel' shtein and N. S. Fastov, Theory of relaxation 
phenomena in solids. Atomic Energy Commission Publication 
No. 13-20360 (1959). 
"A theory of relaxation in solids formed on the 
basis of general thermodynamic considerations 
analogous to those brought forward in the theory of 
sound absorption in liquids is presented. When the 
strained state is changed in an elastic body with 
ultimate speed, a deviation from the static equilibrium 
takes place at every moment. An expression for the 
relaxation tensor is given and developed in terms of 
body state isothermal changes." 
100. B . N. Finkel' shtein (see reference 288 by K. M. Rozin and B. N. 
Finkel' sh tein) .· 
101. J. V. Fitzgerald, Anelasticity of glass: I, Introduction, J. Am. 
Ceram. Soc. 34, 314-319 (1951); Ceram. Abs. 194d (1951). 
"A vibrational energy absorption spectrum for 
glass has been assembled from elastic after-effect 
data reported in the glass literature and also from 
internal friction and rigidity modulus measurements. 
The similarity of the anelasticity of glass to the 
anelasticity of metal is emphasized. Reference is 
made to possible applications of this powerful tool to 
glass technology. " 
49 
102. J. V. Fitzgerald, Anelasticity of glass: II, Internal friction and 
sodium ion diffusion in tank plate glass, a typical soda-lime-silica 
glass, J. Am. Ceram. Soc. 34, 339-342 (1951); Ceram. Abs. 
4e (1952). -
"The internal-friction peak observed near room 
temperature in tank plate glass at a period of the 
order of seconds and previously attributed to sodium 
ion diffusion is further discussed. The temperature 
of maximum internal friction is shown to vary with 
50 
the frequency of vibration with an activation energy 
of about 16 kg-cal per mole for air-chilled glass 
fibers. Likewise the activation energy for the 
electrical resistivity is about 16 kg-cal. Although the 
activation energy for sodium ion diffusion and alkali 
durability is about 21 kg-cal it too can be properly 
interpreted to confirm that the internal friction peak 
is caused by sodium ion diffusion. The internal 
friction peak is much broader than can be accounted 
for by a single relaxation mechanism. However, a 
dispersion of relaxation mechanisms is consistent 
with the accepted theory of randomness in the silica 
network. " 
103. J. V. Fitzgerald, Anelasticity of glass: III, Effect of heat-treat-
ment on the internal friction of tank plate glass, J. Am. Ceram. 
Soc. 34, 388-390 (1951); Ceram. Abs. 4g (1952). 
"Heat-treatment or annealing decreases the 
internal-friction peak commonly attributed to sodium 
ion diffusion in tank plate glass, a typical soda-lime-
silica glass. The peak is shifted to higher tempera-
tures at constant frequency of vibration or to lower 
frequencies at constant temperature. The activation 
energy for the shift is greater in the annealed glass 
and agrees with the activation energy for the electrical 
conductivity and alkali durability of annealed glass. 
Heat-treatment also decreases the internal friction 
caused by elastica-viscous effects. " 
104. J. V. Fitzgerald, Anelasticity of glass: IV, Correlation of 
electrical strain with mechanical strain in glass, J. Am. Ceram. 
Soc. 34, 390-391 (1951); Ceram. Abs. 4i (1952). 
"The residual charge and anomalous absorption 
current reported for certain glasses can be explained 
by making reference to internal friction peaks caused 
by the stress diffusion of sodium or potassium ions. 
When an electrical potential or "electrical stress" is 
applied to any of these glasses, the "induced electrical 
strain" is associated with the time-consuming forma-
tion of a new equilibrium distribution of sodium ions. " 
105. S. V. Forgue and G. A. Loomis, Modulus of elasticity of dinner-
ware bodies by sonic vibration method, Bull. Am. Ceram. Soc. 
20, 425-430 (1941). 
"The elastic moduli of six commercial dinner-
ware bodies (three vitreous and three semi-vitreous) 
were determined by a sonic-vibration method and by 
a refinement of the stress-strain method. Three 
sizes of test bars were used to obtain some indication 
of the validity of the sonic formula with respect to the 
bar dimensions when the proper minimum ratio of 
length to thickness is maintained. Comparative data 
are presented. The results indicate that the size of 
the test bar is immaterial if the proper minimum ratio 
of length to thickness is maintained; in the case of 
unlapped bars which are not of uniform thickness, this 
dimension should be greater than l/4 inch. The values 
obtained by the stress-strain method compare favorably 
with those by the sonic method especially for the 
vitreous bodies; the sonic method, however, gives 
more consistent results and requires less time than 
the stress-strain method." 
106. K. E. Forry, Two peaks in the internal friction as a function of 
temperature in some soda silica glasses, J. Am. Ceram. Soc. 
40, 90-94 ( 1957); Ceram. Abs. 83f ( 1957). 
"Measurements of the internal friction of the 
glasses l7o/o Na2 0-83o/o Si02, 25. 6o/o Na 20-74. 4o/o Si02, 
and 34o/o Na2 0-66o/o SiO~ were made as a function of 
temperature, composition, and frequency in the range 
l to 3 c. p. s. from -90 to 500°F. The internal friction 
as a function of temperature revealed two distinct peaks 
for each glass tested. One peak occurred in the range 
-50° to 50°F and the other in the range 300° to 500°F. 
All the observed peaks were found to be best repre-
sented by an assumed Gaussian distribution of heats of 
activation, the high-temperature peaks exhibiting a 
much wider distribution than the low-temperature 
peaks. It was therefore concluded that none of the 
peaks was a manifestation of a single heat of activation. 
The temperatures at which all peaks occurred in-
creased with increasing frequency. From this shift 
of "peak" temperature with frequency, the most likely 
heats of activation associated with each peak were 
calculated. The temperature dependence of the 
dynamic shear modulus for each glass was used to 
calculate the "relaxation strength" of the relaxation 
pr.ocess for each peak. An analysis of these data 
strongly indicated that both high-temperature and low-
temperature peaks were related to cooperative action 
among sodium ions." 
107. K. E. Forry (see reference 22 by S. W. Barber, et al. ). 
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108. F. Forster, A new method for the determination of the modulus of 
elasticity and damping, Zeit. Metallkunde 29, 116-123 (1937); 
English translation available as Atomic Energy Commission 
Publication No. AEC-tr-1819; Nuc. Sci. Abs. 8-2491 (1954). 
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"An electromagnetic method of measuring the 
characteristic vibration and damping of randomly 
shaped objects is described. The influence of various 
factors, such as arrangement of the experimental 
set-up, the temperature, and the shape of the test 
object is evaluated." 
109. R. M. Fulrath (see reference 138 by D. P. H. Hasselman and 
R. M. Fulrath). 
110. J. R. Galli (see reference 115 by P. Gibbs, et al. ). 
111. F. Gatto, Influence of small cavities on velocity of sound in metals, 
Alluminio .!.2_, 19-26 (1956). 
An investigation was made of the influence of 
cavities on the magnitude of the resonance frequency 
of a cylindrical specimen vibrated longitudinally. 
The coefficients of the corrections relative to isolated 
holes as well as to a random distribution of internal 
cavities in the specimen were determined. It was 
found that such coefficients are entirely independent 
of the type of material under investigation. 
112. A. Gemant, Frictional Phenomena, Chemical Publishing Co., 
Brooklyn, 1950. 
113. M. Gensamer (see reference 49 by L. C. Chang and M. Gensamer). 
114. D. F. Gibbons and V. G. Chirba, Acoustical loss and Young's 
modulus ofyttrium-irongarnet, Phys. Rev. 110, 770-771 (1958); 
Ceram. Abs. l50g (1962). 
"Measurement of the Young's modulus and 
acoustical attenuation of a nearly pure, nearly 
stoichiometric specimen of YIG and of an impure 
specimen, from 0°K to room temperature, led to the 
conclusion that the stress-induced relaxations 
observed in the 150° to l80°K region are not present 
in the stoichiometric, pure, defect-free material. 
Hence they can be used as a measure of the perfec-
tion of the material. " 
115. P. Gibbs, G. S. Baker, K. L. DeVries, J. R. Galli, M. R. Jones 
and J. L. Seely, Atomic Energy Commission Publication No. 
ARL-TR-60-330 (1960); Nuc. Sci. Abs. 15-11148 (1961). 
11 An apparatus for producing and measuring 
pressures to 20, 000 atm using a liquid or gas environ-
ment was constructed and tested. The pressure 
chamber has a working space l-in. in diameter by 
4-in. long, and is designed for use with internal 
heating to l000°C. A torsional pendulum for measur-
ing internal friction inside the pressure vessel was 
constructed and instrumented. Damping measurements 
on 0. 06 in. diameter wire specimens can be made 
over a strain amplitude range of 10-6 to lo-4. 
Provision is made for an internal furnace heating the 
specimen over a wide temperature range. A creep 
apparatus was constructed and tested. Preliminary 
results on tin have shown a definite slowing down of 
creep because of the application of pressure. An 
activation volume for the process is estimated ... '' 
116. P. Gibbs (see reference 151 by R. J. Huber, et al. ). 
117. T. W. Gibbs and C. L. Theberge, Determining elastic moduli of 
materials by resonance, Met. Progr. 83, 97-100 ( 1963); Ceram. 
Abs. l95i (1963). 
"A simple beam in resonance was used to obtain 
the modulus of elasticity and modulus of rigidity of 
metallic and ceramic samples up to 1800°F and of 
plastics at room temperature. The specimens are 
slender cylinders with a length to diameter ratio of 
about ten. Although alloys showed a decrease in 
elastic modulus with rising temperature, Pyroceram, 
hot pressed fused Si02, and clear Si02 showed 
increasing ·moduli. Test data are tabulated, and 
formulas are given for calculating the moduli and 
Poisson's ratio." 
.. 
118. V. E. Giebe and E. Blechschmidt, Uber den Einfluss der 
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Magnetisierung auf den Elastizitatsmodul bei Dehnungschwingungen 
ferromagnetischer Stabe, Ann. Physik, Series 5 .!..!_, 905-936 ( 1931). 
119. J. Ging (see reference 65 by W. B. Crandall and J. Ging). 
120. E. Goens, Uber eine dynamische Method zur Bestimmung der 
Temperaturabhangigkeit der elastischen Konstanten stabformiger 
Proben bei tiefen Temperaturen, Ann. Physik, Series 5 4, 7 33-777 
(1930). -
.. 
121. E. Goens, Uber die Bestimmung des Elastizitatsmoduls von Staben 
mit Hilfe von Biegungschwingungen, Ann. Physik, Series 5 .!..!_, 
649-678 (1931). 
122. W. H. Graft and W. Rostoker, Increasing the ratio of modulus of 
elasticity to the density of titanium alloys. Atomic Energy 
Commission Publication No. NP-5529 (1954); Nuc. Sci. Abs. 
9-2293 (1955). 
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"The preparation of Ti, Ti-C, Ti-Cu, Ti-V and 
Ti-Al alloys by nonconsumable and consumable 
electrode arc melting and the development of an 
electrostatic device for the determination of elastic 
moduli by dynamic excitation are discussed." 
123. A. Granato and K. Lucke, Theory of mechanical damping due to 
dislocations, J. Appl. Phys. 27, 583-593 (1956). 
"A quantitative theory of damping and modulus 
changes due to dislocations is developed. It is found 
that the model used by Koehler (see reference 180) of 
a pinned dislocation loop oscillating under the 
influence of an applied stress leads to two kinds of 
loss, one frequency dependent and the other not. 
The frequency dependent loss is found to have a 
maximum in the high megacycle range. The second 
type of loss is a hysteresis loss which proves to be 
independent of frequency over a wide frequency range 
which includes the kilocycle range. This loss has a 
strain amplitude dependence of the type observed in 
the kilocycle range. The theory provides a quanti-
tative interpretation of this loss. 11 
124. A. Granato and K. Lucke, Application of dislocation theory to 
internal friction phenomena at high frequencies, J. Appl. Phys. 
27, 789-805 (1956). 
"A detailed discussion of data obtained over the 
past 15 years concerning the damping of mechanical 
vibrations in the kilocycle and megacycle range is 
given. The dependence of the decrement and modulus 
change on the variables of frequency and strain-
amplitude and many other parameters is compared 
with predictions of the dislocation theory developed in 
an earlier paper. (see reference 123) Although 
general agreement is obtained, and many interesting 
quantitative results are found, it is not possible to say 
that the theory agrees everywhere since not all the 
necessary parameters are known well enough 
theoretically. A number of new experiments are 
suggested which may permit stronger conclusions to 
be made. This part may be read independently of the 
earlier paper by the reader who does not wish to 
follow the development of the theory in detail. " 
125. A. Granato (see reference 218 by K. Lucke and A. Granato). 
126. T. J. Gray (see reference 66 by W. B. Crandall, et al.). 
127. L. Green, Jr. (see reference 93 by F. E. Faris, et al.). 
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128. G. Grime, Determination of Young's modulus for building materials 
by a vibration method, Phil. Mag. 20, 304-310 (1935). 
11 The longitudinal vibration excited in a specimen 
by tapping one end is recorded photographically with 
the aid of a cathode-ray oscillograph, and its frequency 
is determined by comparison with a superimposed 
time-scale. 
Young's modulus E, is then calculated from the 
expression E = 412n2p, connecting length l, frequency 
n, and density P· 11 
129. G. Grime and J. E. Eaton, The determination of Young's modulus 
by flexural vibration, Phil. Mag. 23, 96 (1937); Ceram. Abs. 223 
(1937). 
"The method of determining Young's modulus by 
observing frequency of flexural vibration in small 
samples of the material is discussed. This method 
is applicable to brick, tile and materials of high 
internal friction, such as pitch and asphalt. 11 
130. R. Hanna and W. B. Crandall, The Young's modulus and internal 
friction of polycrystalline MgO at room temperature. Atomic 
Energy Commission Publication No. AROD-2891. l (1961); Nuc. 
Sci. Abs. 16-9188 (1962). 
"Hot pressing method was used to prepare 
polycrystalline MgO from several starting powders, 
which behaved distinctly from each other. A direct 
relationship between the activity of the powders and 
its "compressibility" was found. 
As the density of the specimen increased the 
Young's modulus increased linearly, whereas the 
internal friction decreased. It was found that the 
internal friction was inversely proportional to the 
square of the grain diameter. MgO specimens of the 
same density, but from different origin may not 
necessarily have the same Young's modulus or 
internal friction values; these differences rnay be 
attributed to the presence of foreign atoms. 11 
131. R. Hanna and W. B. Crandall, Dissipation of energy by the grain 
boundaries. Army Research Office, Durham North Carolina. 
Washington, D. C. Office of Technical Services, U. S. Department 
of Commerce (1962). 
11 The internal friction, Q- 1, and the extinction 
coefficient, K of the infrared transmission were 
measured at room temperature for several poly-
crystalline magnesium oxide compacts, heat treated 
at various temperatures. 
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K increased by decreasing the specimen's 
thickness and by decreasing the wave length. An 
extrapolated value of the extinction coefficient, 
K(extrapolated)• was used as a measure of the 
scattenng of the infrared by the grain boundaries. 
Both Q-1 and K(extrapolated) decreased by the 
increase in the mean grain surface area; and a 
linear relationship was found between the internal 
friction and the infrared scattering. It is believed 
that the grain boundaries may play the same role in 
dissipating energy from both infrared waves and 
mechanical vibration. 11 
132. R. Hanna, Elastic moduli of polycrystalline magnesia alumina 
spinel, J. Am. Ceram. Soc. 46, 106 (1963). 
The Young's modulus and density of equimolar 
and one to three mole ratio MgO:Al2 03 were studied. 
133. Z. Hashin, The elastic moduli of heterogeneous materials, J. Appl. 
Mechanics 29, 143-150 (1962). 
11 Bounds and expressions for the elastic moduli 
of two or many phase nonhomogenous materials are 
obtained by an approximate method based on the 
variational theorems of the theory of elasticity and 
on a concentric-spheres model. Theoretical reaults 
are in good agreement with experimental results for 
a two-phase alloy. 11 
134. D. P. H. Hasselman (see references 301 and 302 by P. T. B. 
Shaffer, et al. ) . 
135. D. P. H. Hasselman, On the porosity dependence of the elastic 
moduli of polycrystalline refractory materials, J. Am. Ceram. 
Soc. 45, 452-453 ( 1962). 
Hashin 1s expression (see reference 133) for the 
elastic moduli of heterogeneous materials is applied 
to the case where the second phase is porosity. 
136. D. P. H. Hasselman, Experimental and calculated Young's moduli 
of zirconium carbide containing a dispersed phase of graphite, J. 
Am. Ceram. Soc. 46, 103 (1963). 
The Young's modulus for a two phase system as 
calculated from Hashin' s and Paul's (references 133 
and 262) relationships is compared with the 
experimental results on zirconium carbide containing 
graphite as a dispersed second phase. 
137. D. P. H. Hasselman, Relation between effects of porosity on 
strength and on Young's modulus of elasticity of polycrystalline 
materials, J. Am. Ceram. Soc. 46, 564-565 (1963). 
The implications of linear relationships between 
strength and Young's modulus are investigated. A 
linear relationship 
E = E 0 (1 - AmP) 
where E is the Young's modulus of the porous material, 
E 0 is the Young's modulus of the nonporous 
material, 
Am is a constant and 
P is the volume fraction porosity, 
can be interpreted as due to the fact that only the 
fraction of material (1 - ~P) is available to carry 
the applied load. The fraction of material AmP then 
consists of the sum of the pore volume P and a hypo-
thetical quantity of material considered to be stress 
free. 
138. D. P . H . Hasselman and R. M. Fulrath, Effect of small fraction 
of spherical porosity on elastic moduli of glass, J. Am. Ceram. 
Soc. 47, 52-53 (1964). 
A linear relationship was observed between Young's 
modulus and porosity of a glass (16%Na2o, 14%Bz03, 
70%Si02) in the range 0. 5-2. 5% porosity. The index 
of refraction was independent of pore content, indicating 
that the changes in mechanical properties could be 
attributed primarily to the presence of the pores. 
139 . D. P . H. Hasselman (see reference 266 by R. S. Piatasik and 
D. P . H . Hasselman}. 
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140 . R. F. S. Hearmon, The elastic constants of anisotropic materials, 
Rev. Mod. Phys. ~ 409-440 (1946). 
A review of the theoretical and experimental 
points of interest connected with the elastic constants 
of anisotropic materials is presented. 
141. R. F. S. Hearmon, The elastic constants of anisotropic 
materials II, Adv. in Phys. 2_, 323-382 (1956). 
The data published since (I) (see reference 140} 
is reviewed. 
142. 0. S. Heavens, Young's modulus of black soda glass fibers, Am. J. 
Phys. 27, 670 (1959}; Ceram. Abs. 229i (1960}. 
58 
''Young's modulus was determined by both the 
static beam bending method and Searl's dynamic 
oscillation method for fibers having diameters of 
0. 25 to 1. 5 mm. Y was constant for diameters 
greater than about 0. 45 mm. For small diameters 
Y increased sharply up to twentyfold for the smallest 
diameter. This contrasts sharply with quartz, where 
only a twofold increase was noted for fibers one 
hundredth the diameter of these. " 
143. R. H. Herron (see reference 370 by T. A. Willmore, et al.). 
144. Y. Hiki, Internal friction of quartz, J. Phys. Soc. Japan _!2, 586-
592 (1960); Ceram. Abs. 173j (1963). 
"The internal friction of transparent natural 
quartz was measured at room temperature with 
longitudinal vibration in the kilocycle range with a 
composite piezoelectric oscillator. The specimens 
were cylinders, the axes of which took various 
orientations in the crystallographic YZ plane. The 
internal friction of specimens parallel to the Y or Z 
axis was low and almost independent of the strain 
amplitude of the vibration, while that of specimens 
with other orientations was rather high and showed 
marked dependence on the amplitude. It is concluded 
that the internal friction of quartz is due mainly to 
the vibration of dislocations in the slip plane parallel 
to the Y or Z axis. The dislocation density was 
estimated to be 103 to 104 cm-2; it is reduced by 
annealing the specimen. The defects pinning down 
the dislocations were assumed to be aggregates of 
metallic impurities." 
145. K. Hilbert, Temperature dependence of the internal friction and of 
the modulus of elasticity of glasses, Silikattech . ..!.£_, 394-399 (1956); 
Ceram. Abs. 130c (1957). 
"Elasticity modulus and damping capacity 
(internal friction) can be related to the structure of 
the glass itself. By measuring the flexural vibrations 
of glass rods a pronounced internal friction maximum 
was found in the temperature range below the trans-
formation point. This is believed to be caused by the 
migration of the silica tetrahedra in the glass network 
under the influence of changing temperature. The 
theory is derived, and curves of damping capacity and 
activation energy are given." 
146. W. H. Hill and K. D. Shimmin, Elevated temperature dynamic 
elastic moduli of various metallic materials. Atomic Energy 
Commission Publication No. WADD- TR-60-438 ( 1960); Nuc. Sci. 
Ab s . 16 - 1 2 115 ( 1 9 6 2) . 
"The dynamic elastic moduli of 40 metals and 
alloys of engineering interest have been determined 
at room and elevated temperatures. Modulus determi-
nations were based upon a relation between the speed 
of sound in a material and its elastic modulus. A 
specimen of the material was excited electrostatically 
and its resonant frequency determined. Knowing the 
geometry of the specimen, the dynamic elastic modulus 
was calculated. 
Room temperature comparisons of dynamic with 
static moduli were made in most instances using 
material from the same bar. The results of dynamic 
elastic modulus determinations are graphically 
presented. 11 
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147. L. C. Hoffman and W. A. Weyl, Survey of the effect of composition 
on the internal friction of glass. Glass Ind. 38, 81-85, 104 (1957). 
"The effect of widely varying composition on the 
internal friction of glass was studied to provide a 
basis for an atomistic interpretation. Glass rods 
were twisted by incorporation in the vertical member 
of a torsion pendulum, and the damping of the pendulum 
was observed as a function of temperature. Internal 
friction peaks for Li+ and I(+ ions were observed in ad-
dition to the Na+ ion peaks observed by others. A second 
internal friction peak was observed in R20· RO. xSi02 
glasses at a higher temperature than the "alkali" peaks. 
The gradual replacement of Na+ by K+ or Li+ caused 
the alkali peaks to disappear and the intermediate 
temperature dampin.f- to become lar~e. The replace-
ment of Mg++ by Ba +. cu++. or Pb + had a similar 
tightening effect on the alkali at low temperatures but 
yielded higher damping at high temperatures. The 
high temperature peaks are probably best explained by 
the presence of oscillating volume elements of greater 
size than ions. lending support to the hypothesis of a 
discontinuous structure for glass." 
148. H. Ho:r:i (see reference 85 by C. E. Dixon and H. Hori). 
149. F. Horton. Modulus of rigidity of a quartz fiber and its temperature 
coefficient, Phil. Trans. 204A, 407 -421 ( 190 5). 
The rigidity and logarithmic decrement of quartz 
fibers were accurately measured by means of a torsion 
pendulum from 15 to 1000°C. 
150. R. Houwink, Elasticity, Plasticity. and Structure of Matter, Dover 
Publications, Inc .• New York, 1958. 
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151. R. J. Huber, G. S. Baker and P. Gibbs, High temperature kilocycle 
internal friction in Al 2 o3 single crystals, J. Appl. Phys. 32, 2573-
2579 (1961); Ceram. Abs. 200j (1962). 
"Dislocation damping in Al 2o3 single crystals 
was measured to l850°C and studied by surface 
etching . 11 
152. H. B. Huntington, The elastic constants of crystals, Solid State 
Phys. 7, 213-351 (1958). 
153. J. M. Ide, Some dynamic methods for determination of Young's 
modulus, Rev. Sci. Inst. 6, 296 (1935). 
The test bar forms one plate of an electrical 
condenser. If the sample is nonconducting, tin-
foil may be cemented to one end. The other plate is 
fixed and separated from the bar by a thin sheet of 
dielectric. The bar is set into longitudinal vibration 
by electrostatic traction. The relative amplitude of 
vibration and thus the resonant frequency from which 
the elastic modulus is calculated is determined by a 
sensing device, e. g. by a piezoelectric crystal 
cemented to the specimen. 
154. T. Ikeda, Internal friction of barium titanate ceramics, J. Phys. 
Soc. Japan _!2, 809-818 (1958); Ceram. Abs. l90i (1961). 
11 The internal friction of Ba Ti03 ceramics was 
studied under various conditions. It depends on 
temperature, biasing field, and vibration amplitude, 
but it is almost independent of frequency and porosity. 
Ikeda concludes that it is not caused chiefly by the 
ceramic and domain structures but is the property of 
the single domain crystal, which is of intrinsically 
dielectric origin, acting through piezoelectric 
coupling. 11 
155. J. K. Jackson, An internal friction study of very low carbon 
martensite. Atomic Energy Commission Publication No. TID-15643 
(1961). 
"The structure of martensite in iron-nickel-carbon 
alloys containing less than 0. 015 weight percent carbon 
was investigated by measuring the 40°C carbon diffusion 
internal friction peak. Measurements of the internal 
friction in alloys containing 0. 0, 2. 5, 5. 1, 6 . 5, 10.5 
and 16. 5 weight percent nickel were made at low 
frequencies with a torsion pendulum. By evaluation 
of the effects of varying nickel content and heat treat-
ment on the nature of this peak, the existence of a 
structure in which the carbon atoms are ordered was 
revealed in specimens which had been quenched from 
temperatures at which austenite is stable. It is 
proposed that this structure is tetragonal martensite 
and that the tetragonality of the structure persists at 
these very low carbon contents because of the ordering 
influence of the residual accommodation stresses 
exerted on the martensite by the austenite matrix. 
Resolution of these stresses on the basis of the most 
successful of the proposed crystallographic mechanisms 
of martensite transformation shows that stress condi-
tions favoring ordering can exist whether the martensite 
forms as plates or needles. It was found that the 
tetragonality of the structure disappeared on high 
temperature tempering and that a tetragonal structure 
could not be produced in binary iron-carbon alloys at 
this low carbon level. The amount of tetragonal 
phase which could be produced by quenching iron-
nickel-carbon alloys increased with increasing nickel 
content and with increasing quenching rate. 
In iron-nickel-carbon alloys with a ferritic 
structure, the addition of nickel decreases the height 
and area of the 40°C peak, shifts its position to a 
lower temperature, but causes the peak to be only 
slightly broadened, if at all. The decrease in peak 
height with increasing nickel content is approximately 
linear and the amount of decrease is about eight percent 
of the peak height in the binary iron-carbon alloy _per 
weight percent nickel. The observed peak positions at 
a measuring frequency of one cycle per second are 
38. soc for zero percent nickel, 37. soc for 2. S weight 
percent nickel, and 3S. 8°C for S. 1 weight percent 
nickel. The shift in the peak position with increasing 
nickel content indicates that there is a long range 
effect of nickel on the movement of the carbon atoms 
within the lattice, and the change in diffusion 
coefficient for carbon alloy ferrite with increasing 
nickel content is estimated from the magnitude of the 
shift. 
The reduction in the peak area with increasing 
nickel content implies that short range interactions 
with the nickel atoms prevent some of the carbon 
atoms from participating in the relaxation processes 
which give rise to the peak under investigation. 
The peak broadening was analyzed by considering 
that the measured internal friction peak is a convo-
lution of the theoretical peak for a single relaxation 
time with a relaxation time density function. This 
density function and its integral, the relaxation time 
distribution function, were determined by graphical 
trial and error solution for a quenched and tempered 
S. 1 weight percent nickel alloy specimen. The density 
function is unimodal within experimental error. 11 
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156. Z. Jeffries and R. S. Archer, The Science of Metals, McGraw-Hill 
Book Co., Inc. New York, 1924. 
157. M. R. Jones (see reference 115 by P. Gibbs, et al.) . 
158. N. Juul (see reference 246 by S. Mrozowski, et al.). 
159. N. Juul (see reference 10 by J. F. Andrew, et al. ). 
160. R. Kamel, Measurement of the internal friction of solids, Phys . 
Rev. 22_, 1606 (1949). 
The internal friction of several materials was 
determined as a function of frequency up to 1000 c. p. s . 
in flexural vibration. The internal friction peaks 
observed were attributed to thermal currents. 
161. M. Kantzer, Sonority of ceramic products and their firing 
temperatures, Bull. Soc. Franc. Ceram. 1951, No. 10, 41-49 
(1951); Ceram. Abs. 94f (1952). --
"Sonority has long been used as a practical 
measure of the quality of clay ware. This criterion 
is put on a scientific basis by determination of the 
sonic modulus of elasticity. This is done by striking 
a test specimen and recording its fundamental frequency 
of vibration by means of a cathode ray oscilloscope. 
The elastic modulus is calculated and the damping of 
the wave within the test piece is measured. These 
properties can then be correlated with other physical 
and ceramic properties. 11 
162. C. Kawashima andY. Murata, Elasticity of ceramic materials and 
their internal frictions: I, measurement of modulus of elasticity 
of the ceramic bodies by audio frequency, J. Ceram. Assoc. Japan. 
59, 519-524 (1951); Ceram. Abs. 70h (1952). 
11 An apparatus using the audio frequency of 100 to 
10, 000 cycles was constructed. The shape of the 
specimen is a rectangular bar of the size 200x20xl0mm. 
The limit of the depth to length ratio of the specimen 
is 0. 07 and the error is 5o/o. The modulus of elasticity 
increases and the shape of the curve of vibration 
changes above the temperature of vitrification. 11 
163. T. S. Ke, Experimental evidence of the viscous behavior of grain 
boundaries in metals, Phys. Rev . .z.!., 533-546 (1947). 
11 The mechanical behavior of grain boundaries in 
metals has been a subject of constant controversy. 
The present research is designed to examine 
thoroughly the mechanical behavior of grain boundaries 
in a quantitative manner. A simple torsional apparatus 
has been devised for measuring four types of anelastic 
effects at very low stress levels, namely: internal 
friction at low frequencies; variation of dynamic 
rigidity with temperature; creep under constant stress ; 
and stress relaxation at constant strain. All four types 
of anelastic effects have been studied in 99. 991 percent 
polycrystalline aluminum as well as in single crystal 
aluminum; these effects are practically absent in 
single crystal aluminum. The four types of anelastic 
effects observed in polycrystalline aluminum are 
completely recoverable and are linear with respect to 
the applied stress and prior strain. They satisfy the 
inter-relations derived by Zener from Boltzmann's 
~uperposition principle within experimental error. 
These are consistent with the viewpoint that the grain 
boundaries behave in a viscous manner. The maximum 
amount of shear stress relaxation in polycrystalline 
aluminum determined by the four types of anelastic 
measurements is about 33 percent. This is in good 
agreement with the theoretical value of 36 percent 
calculated by assuming the grain boundary to be viscous. 
The heat of activation associated with the viscous slip 
along the grain boundaries has been found to be 34, 500 
calories per mole. The coefficient of viscosity of the 
grain boundaries in aluminum estimated using this heat 
of activation, is consistent with that of molten aluminum 
at the same temperature. Similar anelastic effects 
have been also observed in polycrystalline magnesium, 
indicating that the viscous behavior is common to all 
metals." 
164. T. S. Ke, Stress relaxation across grain boundaries in metals, 
Phys. Rev. 72, 41-46 (1947). 
"In order to elucidate further the concept of 
relaxation of shear stress across grain boundaries in 
metals, the temperature dependence of internal 
friction and rigidity modulus of 99. 991 percent 
aluminum have been measured as a function of 
frequency of torsional vibration and as a function of 
grain size of the specimen. It has been found that 
for the same specimen, an increase in frequency of 
vibration shifts the internal friction curve and the 
rigidity relaxation curve (Q-1 and G/Gu versus 
temperature) to higher temperatures; and when the 
frequency of vibrations is kept constant, a change in 
grains size of the specimen has the same effect as a 
change of the frequency of vibration. The observed 
internal friction and rigidity relaxation can be express-
ed as functions of the parameter (G. S. x f x expH/R T) 
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where (G. S.) is the grain size or average grain diameter 
of the specimen, f is the frequency of vibration, and H 
is the heat of activation. It is shown that all these 
observed phenomena are necessary manifestations of 
the stress relaxation across grain boundaries arising 
from the viscous behavior of the grain boundaries in 
metals, which behavior has been demonstrated by 
previous anelastic-effect measurements." 
165. T. S. Ke, On the structure of grain boundaries in metals, Phys. 
Rev. 22_, 267-268 (1948). 
As a result of the activation energy for volume 
diffusion and grain boundary slip and creep being 
essentially the same in several materials, the 
structure of the transition region at the grain 
boundaries cannot be markedly different from that of 
the interior of the grains, and grain boundary slip can 
be considered as creep on a microscopic scale. 
166. T. S. Ke, Internal friction in the interstitial solid solutions of 
carbon and oxygen in tantalum, Phys. Rev. 74, 9-15 (1948). 
"A strongly temperature-dependent type of 
internal friction is observed in tantalum specimens 
containing a small amount of carbon or oxygen. 
Internal friction peaks occur, respectively around 
150°C and 170°C for carbon and oxygen when the 
frequency of vibrations is about one-cycle per second. 
The activation energies associated with these relaxa-
tions are found to be 25, 000 calories per mole for 
carbon and 29, 000 calories per mole for oxygen. 
These observations are consistent with the viewpoint 
that the relaxations observed are associated with the 
anelasticity caused by the stress -induced preferential 
distribution of C or 0 among the various interstitial 
positions which have tetragonal symmetry in body 
centered cubic tantalum. Such a picture has been 
proposed by Snoek in interpreting the relaxation 
phenomena observed in alpha-iron (body-centered 
cubic) (see reference 309 by J. L. Snoek) containing 
small amounts of carbon in nitrogen. The observations 
in tantalum might thus indicate that such relaxations 
are characteristic of all interstitial solid solutions of 
body-centered cubic metals. It has been further found 
that the carbon relaxation peak can be interpreted in 
terms of a relaxation process having a single relaxa-
tion time with a unique activation energy while the 
oxygen peak can not. This suggests that the inter-
stitial atoms responsible for the observed relaxations 
peaks in tantalum are situated at the octahedral 
positions in the case of carbon and at both octahedral 
and tetrahedral positions in the case of oxygen." 
167. T. S. Ke, Stress relaxation by interstitial atomic diffusion in 
tantalum, Phys. Rev. 74, 16-20 (1948). 
"In another article (see reference 165) it was 
shown that internal friction peaks in tantalum contain-
ing small amounts of C and 0 are caused by the stress-
induced preferential distributions of C and 0 among the 
interstices in tantalum. In order to further elucidate 
this viewpoint, the relaxation strength associated with 
these relaxations has been determined by rigidity and 
stress relaxation measurements in torsion covering a 
wide range of temperature. When the reciprocal of 
relaxation strength is plotted against absolute tempera-
ture, the graph is a straight line passing through the 
ong1n. This linear relationship agrees with that 
predicted by theory assuming a model of stress-
induced preferential distribution. The finding that the 
extrapolated line passes through absolute zero tempera-
ture shows that the interaction between solute atoms is 
negligibly small. This implies that the critical 
temperature for self-induced preferential distribution 
of solute atoms is close to absolute zero. 11 
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168. T. S. Ke, Internal friction and precipitation from the solid solution 
of nitrogen in tantalum, Phys. Rev. 74, 914-916 (1948). 
"The internal friction or acoustic absorptio11 
peak (versus temperature) around 350°C previously 
observed in tantalum with a frequency of vibration of 
about one cycle per second was further analyzed. It 
is shown that this peak has its origin in the stress-
induced interstitial diffusion of N in tantalum similar 
to the cases of C and 0 in tantalum reported before. 
The precipitationof N from the solid solution with 
tantalum was followed by internal friction measure-
ments. 11 
169. T. S. Ke, A grain boundary model and the mechanism of viscous 
intercrystalline slip, J . Appl. Phys. 20, 274-280 (1949). 
"A study of the activation energy associated with 
the viscous intercrystalline slip shows that the 
conventional . theories of grain boundary, ~· the 
intercrystalline amorphous cement theory and the 
abrupt transitional theory, are both untenable. A 
grain boundary model is described in which the 
transition region at the boundary is considered as 
consisting of numerous disordered groups of atoms 
or diffused holes. The intercrystalline slip occurs 
through the atomic rearrangement by thermal agitation 
within each "disordered group" by a shear process 
involving as units of flow only a few atoms. This grain 
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boundary model and slip mechanism are consistent 
with experimental facts and furnish, furthermore, a 
unified viewpoint as to the mechanisms of the viscous 
intercrystalline slip, the volume diffusion in metals, 
and the constant rate of creep of metal crystals under 
small stress. Further experiments are described 
concerning the influence of previous deformation and 
impurities on grain boundary viscosity. It has been 
found that the grain boundary viscosity is lower in a 
specimen subjected to a heavier deformation prior to 
its recrystallization. A very small amount of 
impurities was found to be able to block partially or · 
completely the grain boundary slip in aluminum, iron 
and copper. These observations are readily understood 
on the basis of the proposed grain boundary model and 
slip mechanism. " 
170. T. S. Ke and M. Ross, Apparatus for measurement of extremely 
high internal friction, Rev. Sci. Inst. 20, 7 95-799 ( 1949). 
"A simple torsion apparatus has been developed 
for measurement of extremely high internal friction by 
determining the angle by which strain lags behind the 
stress in forced cyclic vibration. The results of 
measurement were compared with torsion pendulum 
measurements using free decay method. The highest 
internal friction measured with this apparatus was 
0. 55. This apparatus can be used to measure internal 
friction at a constant given stress amplitude and at a 
constant frequency of vibration. The stress amplitude 
and frequency of vibration can easily be varied over a 
wide range. There is no theoretical limit to the lowest 
frequency that can be used with this apparatus. The 
feature that measurements can be made while the zero 
point is changing renders this apparatus very useful in 
the study of internal friction of freshly cold-worked 
metals." 
171. T. S. Ke, Internal friction of metals at very high temperatures, 
J. Appl. Phys. ~ 414-419 (195.0). 
"In connection with the study of the internal 
friction peak (v. s. temperature) associated with the 
viscous behavior of grain boundaries in metals, some 
other effects were observed at higher temperatures 
causing an additional internal friction in superposition 
with the high temperature branch of this internal 
friction peak. This additional internal friction at high 
temperatures was found to have its origins in some 
effects of cold-working introduced in the interior of 
the grains which remains even after the complete 
recrystallization of the cold-worked specimens. 
It increases with the amount of cold-work the specimens 
were subjected to before and after recystallization; it 
decreases with annealing at successively higher 
temperatures until a stable value is reached; and it 
increases with the precipitated impurity content in the 
specimen. This high temperature internal friction 
was found to be very high in an aged specimen of high 
purity aluminum alloyed with 4 percent of copper. 
These observations are consistent with the viewpoint 
that this internal friction is caused by the presence of 
dislocations in the interior of the specimen although 
the mechanism giving rise to the internal friction is 
unknown. It is pointed out that a study of high tempera-
ture creep under very low stress may be conveniently 
carried out through the internal friction measurements 
described." 
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17 2. T. S. Ke, Anomalous internal friction associated with the precipi-
tation of copper in cold-worked Al-Cu alloys, Phys. Rev. 78, 420-423 
(1950). -
"Anomalous internal friction at very small stress 
levels has been observed in cold-worked aluminum 
containing une-half percent of copper. This internal 
friction, which was not obD e-rved in high purity 
aluminun1 after similar treatment, can be eliminated 
by annealing at high temperatures so that the specimen 
completely recrystallizes. This anomalous behavior 
is shown to be associated with an early stage "precipi-
tation" of copper from the solid solution with aluminum. 
The temperature range within which such anomalous 
internal friction was observed is -5°C to l25°C when 
the cold worked specimen was annealed at 300°C for 
one hour. At each temperature within this range the 
anomalous behavior first increases and then decreases 
with aging time at that temperature. 
The internal friction associated with this behavior 
is anomalous in the following aspects: (l) At a given 
temperature the internal friction increases and then 
decreases with an increase of stress amplitude even 
when the stress amplitude is extremely small. There 
is an optimum stress amplitude at which the internal 
friction is a maximum. (2) At each stress amplitude 
there is an optimum temperature of measurement at 
which this anomalous internal friction is a maximum. 
These observed phenomena are consistent with 
the concept that atmospheres of foreign atoms are 
formed around the dislocations created in the speci-
men by cold-working. Such an ''atmoaphere" concept 
was originally suggested by Cottrell for the explana-
tion of the yield points in iron containing carbon or 
nitrogen. " 
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173. E. K. Keler and Z . I. Veselova, Determination of modulus of 
elasticity of refractories by the sonic method, Ogneupory 21, 21-32 
(1956); Ceram. Abs. 45f (1959). -
"The use of the apparatus and method for 
determining the modulus of elasticity of refractories 
by the sonic method is based on the measurement of 
the frequency of natural oscillation of the specimen in 
the range 250 to 10, 000 cycles. For the test the 
specimens should be in the form of whole bricks or 
prisms with a ratio of length to height of sounding of 
4 (fire clay and Dinas) or 5 to 6 (magnesite and high 
alumina refractories) . The height of sounding should 
be 15 mm. The static method produced results for 
the elasticity modulus of fire clay, magnesite, 
magnesite-chromite, and Dinas which were generally 
lower than those obtained with the sonic method (7 to 
44% difference). In a comparison of these values it 
should be noted that the elastic deformation with the 
sonic method does not include elastic secondary 
action and possible remaining deformations entering 
into the measurements of deformation with the static 
method. The advantages of the sonic method appear 
to be the rapidity of determination ( l. 5 to 2 min. ) and 
the use of whole bricks as specimens. Modulus of 
elasticity for several materials is given together with 
crushing strength, porosity, and heat capacity. The 
sonic method can be used for factory control. " 
174. E. K. Keler and M. N. Bluvshtein, Study of elastic deformation of 
chrome-magnesite refractories by the torsion method at room and 
high temperatures, Ogneupory 21, 217-221 (1956); Ceram. Abs. 
130c (1959). -
"The authors determined ( 1) shear modulus at room 
temperature and at 300°, 600°, 900°, 1100°, and 1200° 
and (2) elastic aftereffect at these temperatures in a 
period of 15 minutes during loading and unloading of 
specimens of magnesite, mq.gnesite-chrome, and 
chrome-magnesite brick ... " 
17 5. E. H. Kerner, The elastic and thermo-elastic properties of 
composite media, Proc. Phys. Soc. {London) B69, 808-813 ( 1956) ; 
Nuc. Sci. Abs. 11-3881 (1957). --
"The elastic and thermoelastic properties of 
grain compacts and grain suspensions are deduced by 
an averaging procedure. 11 
176. M. F. Kilpatrick, Elastic constants and sound velocities II. 
Longitudinal, torsional, and bending vibrations of loaded bars. 
Atomic Energy Commission Publication No. AECU-375 (1949) ; 
Nuc. Sci. Abs. 3-1282 (1949). 
"One of the methods for measuring elastic 
c onstants of materials involves attaching a piezo-
electri c crystal to each end of a bar of the material 
and observing resonance frequencies . Means for 
c orr e cting for shifts in the various resonance 
f requencies produced when a crystal is attached at 
each end of a bar are discussed. Expressions which 
predict the observed frequency shifts produced, in 
order to arrive at the so-called zero frequencies 
which the metal bar would exhibit if it were not 
loaded, are set up. Differential equations for the 
longitudinal, torsional, and bending motions of the 
bar are derived and expressions for the frequencies 
of the various modes are arrived at. The solutions 
so obtained are not completely rigorous since certain 
assumptions are made in setting up of the differential 
equations. Also there are physical limitations to the 
mathematical expressions for continuity conditions 
at the boundaries of the bar. 11 
177. A. King, New method of measuring Young's modulus, Rev. Sci. 
Inst . .!..!_, 114-116 (1940). 
"The specimen, in the form of a circular loop of 
wire, is fastened at one point to a rigid support. At 
the diametrically opposite point a magnetic field is 
applied. The frequency of an alternating current in 
the loop is adjusted until flexural vibrations occur in 
the plane of the loop. Then the resonant frequency f, 
the radius of the loop r, the linear density m, and the 
radius of the wire a are related to Young's modulus 
by the equation 
E = 18. 3 9 5 mf2 ( r /a) 4 ( 1 -g) 
in which 1-g is a gap correction factor. " 
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178. W. D. Kingery (see reference 57 by R. L. Coble and W. D. Kingery). 
179. W. D. Kingery, Property Measurements at High Temperatures, 
John Wiley and Sons, Inc., New York, 1959. 
180. W. D. Kingery, Introduction to Ceramics, Jchn Wiley and Sons, 
Inc., New York, · 1960. 
181. P . L. Kirby, Internal friction in glass. Part I. Theoretical aspects, 
J . Soc . Glass Tech. 37, 7T-25T (1953). 
"Relationships between internal friction or damping 
capacity and delayed elastic effects are discussed, 
both effects being related to a quantity denoting the 
relaxation ratio of an anelastic process. The connection 
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between damping factors for oscillatory and aperiodic 
stress -time phenomena is considered. Suggestions 
are made concerning the probable relationships 
between the relaxation ratios (and hence internal 
friction peaks in the acoustic spectrum) corresponding 
to different types of elastic deformation. The physical 
causes of anelasticity in glass are considered, 
including the effects of inhomogeneity, thermal 
diffusivity, ionic mobility and effective configuration 
temperature, the result of which is to suggest reasons 
for the surprisingly small difference in the time order 
of elastic after-effects at room temperature and those 
in the transformation range. 11 
182. P. L. Kirby, Internal friction in glass. Part II. Flexural and 
torsional vibration, J. Soc. Glass Tech . 38, 383T-420T (1954) . 
"The basic methods which have been used to study 
internal friction or specific damping capacities are 
reviewed. Apparatus for studying the internal friction 
of thin rods of fused silica, a soda-lime-silica and a 
borosilicate glass undergoing transverse vibration 
(0. 3-50 c/s) and torsional vibration (1-10 c/s) is 
described. The peculiar difficulties in obtaining an 
absolute measure of the internal friction in the case 
of transverse vibration at low frequencies are dis-
cussed. It is shown that there are two physical 
processes which contribute to the internal friction at 
these frequencies, a relaxation of alkali ions in the 
glass and the visco-elastic behavior of the remainder 
of the vitreous network. This hypothesis is supported 
by a clear dependence of the internal friction on the 
thermal history of the specimen. At constant tempera-
ture the internal friction decreases with increasing 
frequency, but there is no evidence of a maximum 
value at low frequencies. The variation of the internal 
friction with temperature shows a frequency -dependent 
peak value, indicating a process with an activation 
energy similar to that governing the movement of 
alkali ions in the glass. At higher temperatures the 
dependence of the internal friction on frequency and 
thermal history is illustrated, and note is made of the 
use of the results in an estimation of the distribution 
of relaxation periods among visco-elastic elements in 
the network. Incidental results are appended giving 
the variation of elastic moduli with temperature, and 
the possibility of thermo-elastic coupling in glass is 
discussed." 
183. P. L. Kirby, The mechanical relaxation of alkali ions in a boro-
silicate glass, J. Soc. Glass Tech. 39, 385T-393T (1955) . . 
"The mechanical relaxation of the alkali ions in 
"Pyrex" brand borosilicate glass can be differentiated 
from the relaxation of the network-forming ions, and 
the connection between the former effect and the 
dielectric relaxation of the same group of ions is 
described. Experimental measurements are analyzed 
to show the distribution of relaxation periods in the 
system. The peaks in the relaxation spectra are 
narrower in the case of chilled glass, but show no 
significant change in width with temperature, thus 
suggesting that only a small range of activation 
energies govern the relaxation process." 
184. P. G. Klemens, The scattering of low-frequency lattice waves by 
static imperfections, Proc. Phys. Soc. (London) A68, 1113-1128 
(1955). 
"The scattering of lattice waves by static imper-
fections is treated by second-order perturbation 
theory. The transition matrix is composed of contri-
butions due to the mass difference of lattice points, 
changes in the elastic constants of linkages between 
lattice points, and elastic strain. Point imperfections 
are shown to scatter as the fourth power of frequency, 
dislocations as the first power, and grain boundaries 
independently of frequency. The magnitude of the 
scattering cross -section is estimated for a variety of 
lattice defects in alkali halides, for screw and edge 
dislocations and for grain boundaries. These results 
are discussed in relation to thermal conduction by the 
lattice at low temperatures." 
7 l 
185. R. H. Knibbs (see reference 232 by I. B. Mason and R. H. Knibbs). 
186. F. P. Knudsen, Dependence of mechanical strength of brittle poly-
crystalline specimens on porosity and grain size, J. Am. Ceram. 
Soc. 42, 376-387 (1959); Ceram. Abs. 258j ( 1959). 
"An approximate equation form, approximating 
the apparent dependence of the strength of brittle 
polycrystalline specimens on the combined effect of 
porosity and grain size, has been developed from 
concepts and data in the literature. The form is 
shown to be applicable to the data for thoria and 
chromium carbide specimens. 11 
187. F. P. Knudsen, Effect of porosity on Young's modulus of alumina, 
J. Am. Ceram. Soc. 45, 94-95 (1962). 
Experimental data from several sources for the 
effect of porosity on Young's modulus of alumina are 
plotted and compared. An exponential relationship is 
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found to satisfactorily approximate the majority of the 
data. 
188. F. P. Knudsen (see references 320 and 321 by S. Spinner et al. ). 
189. J. S. Koehler, The influence of dislocations and impurities on the 
damping and elastic constants of metal single crystals, in W. 
Shockley, ed, Imperfections in Nearly Perfect Crystals, 197-216, 
John Wiley and Sons, Inc., New York, 1950. 
190. W. Koester, General metallurgy II. Elastic properties. Atomic 
Energy Commission Publication No. NP-tr-698; Nuc. Sci'. Abs. 
15-27980 (1961). 
"Investigations of the elastic properties of metals 
are reviewed, and discussed according to: the dependence 
of the modulus of elasticity on the concentration of 
metals in an alloy and test temperatures; the effects 
of the ferromagnetic state, and mechanical and thermal 
treatment on the modulus of elasticity; measurements 
of single crystals; general considerations and determi-
nations of the modulus. Tables are presented of the 
elastic properties of pure metals and mean temperature 
coefficient of the modulus of elasticity of pure metals 
from -180 to 1000°C. 11 
191. W. Koester, The temperature dependence of the elasticity modulus 
of pure metals. Atomic Energy Commission Publication No. IGRL-
T/W-17; Nuc. Sci. Abs. 11-342 (1957). 
"Measurement of the temperature dependence of 
the elasticity modulus of pure metals is discussed. 
Thirty-two metals of the highest purity, which had 
been annealed at a sufficiently high temperature 
before testing, were examined. The temperature 
range studied was -180°C to either 1000°C or the 
melting point of the metal. The results of the 
measurements are given. 11 
192. P. Kofstad, R. A. Butera and R.' S. Craig, Apparatus for continuous 
recording of internal friction, Rev. Sci. Inst. ~~ 850-853 (1962); 
Nuc. Sci. Abs. 16-29166 (1962). 
11 An internal friction apparatus based upon the 
principle of the torsion pendulum is described. 
Attached to the inertia member of the pendulum are 
two coaxial coils which are located in the field of a 
permanent magnet. Oscillations of the pendulum 
induce an emf in one coil (the pick-up coil). The 
signal is amplified and converted into a square wave 
of constant amplitude which is used to energize the 
other coil (the driver coil). Interactions between the 
driver coil and the magnetic field maintains the system 
in oscillation, the amplitude being proportional to Q. 
The output of the pickup coil is measured on a strip 
chart recorder. After a straightforward calibration 
procedure the Q of the system is quantitatively related 
to the output. The device has been used from 4°K to 
150°C. " 
193. H. Kolsky, Stress Waves in Solids, Oxford University Press, 
London, 1953. 
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194. M. Kondo, Relation between three forms of water in hardened 
cement paste and drying shrinkage, strength, and dynamic modulus 
of elasticity, Semento Gijutsu Nenpo 11, 24 7-255 ( 1957); Ceram. 
Ab s. 2 2 5 g ( 1 9 58) . -
195. G. A. Korn, A theory of low-frequency sound absorption in solids 
with application to soda-silica glasses, J. Acoust. Soc. Am. ~ 
547-550 (1949). 
"This paper deals with the theory of a class of 
relaxation mechanisms which may in part account for 
the absorption of sound in certain solids. The basic 
postulates of Eyring's theory of absolute reaction 
rates are applied to the development of general 
differential equations describing structural-chemical 
state changes. The macroscopic effects of transitions 
between the activated and unactivated states of complexes 
of atoms are discussed, and the results are applied to 
the problem of sound absorption and mechanical relax-
ation due to structural-chemical changes in soda-silica 
glasses. It appears that the transition of alkali ions 
from holes in the glass lattice into the interstitial 
space, as in electrolytic conduction, is associated 
with the acquisition of a certain activation energy, so 
that the transition probabilities are finite. The process 
is thus of the nature of a relaxation mechanism which 
is capable of causing sound absorption. The functional 
dependence of the relaxation time on temperature are 
found to agree with experimental results." 
196. A. I. Kovalev and I. I. Vishnevskii, Dynamic method for determining 
the elastic moduli of refractories at high temperatures, Zavodskaya 
Lab. 32_, 1109-1111, (1959); Ceram. Abs. 9a (1962). 
"An apparatus for measuring the elastic modulus 
at temperatures up to 1380°C is described, and the 
elastic modulus -temperature curves for magnesite, 
chamotte and Dinas are presented. 11 
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197. A. I. Kovalev, Measurements of the moduli of elasticity of refractory 
materials at high temperatures under vacuum, Zavodskaya Lab. 28, 
729-731 (1962}; Ceram. Abs. 243e (1963}. 
"The modulus of elasticity and the modulus of 
rigidity were measured at temperatures up to 2000°C 
under vacuum in an improved apparatus, which is 
described. In all cases the plot of modulus vs. 
temperatures shows an almost linear gradual decrease 
in the moduli with increasing temperature up to about 
1000°; with further increase in temperature, a sharp 
drop in the moduli is observed above about 1000° for 
Al 2 o3 , Al 2o3 + 2% Ti02, and Zr02 + 8% CaO; about 
1200° for Zr02 + 5% MgO and about 1600° for ZrB2 . 
The curves for the modulus of elasticity and the 
modulus of rigidity either were superimposed or 
deviated by an insignificant difference." 
198. H. M. Kraner (see reference 18 by K. A. Baab and H. M. Kraner}. 
199. W. W. Kriegel and H. Palmour, III, Mechanical Properties of 
Engineering Ceramics, Interscience Publishers, New York, T961. 
200. R. S. Krishnan, Progress in Crystal Physics : Vol. I, Thermal, 
Elastic and Optical Properties. Interscience Publishers, New York, 
1960; Ceram. Abs. 274j (1960). 
201. H. H. A. Krueger and D. Berlincourt, Measurements of dielectric, 
elastic, and piezoelectric constants of barium titanate ceramics. 
PB Rept. 128009; Ceram. Abs. 246c (1961). 
202. V. A. Kuz'menko, Device for measuring Young's modulus at high 
temperatures, Zavodskaya Lab. 25, 351-353 ( 1959); Ceram. Abs. 
97h (1962). 
''An apparatus for measuring Young's modulus of 
alloys and cermets to 1100° is described, and a diagram 
shows the dependence of the inherent frequency of lateral 
vibrations on the temperature for a chromium steel." 
203. V. A. Kuz 'menko, On the dynamic method of determining the 
Young's modulus at high temperature, Zavodskaya Lab. 25, 1107-
1111 (1959). -
The effect of nonuniform sample temperature on 
the Young's modulus determined by sonic techniques 
was investigated. A mathematical development is 
given to take into account the effect of the actual 
temperature variation along the sample on the apparent 
Young's modulus. 
204. V. A. Kuz 'menko, On the determination of Young 1 s modulus by 
dynamic methods, Zavodskaya Lab. ~' 726-729 (1962). 
"In this paper errors are examined which are 
caused by the calculation of Young's modulus with 
approximate equations from the results of testin~. 
It is shown that the error depends on the ratio 1/d 
and becomes large when the modulus is determined 
on small specimens. It is also shown that the error 
decreases if the inertia of rotation and shift of the 
elements during bending vibrations of the rod are 
taken into account. 11 
205. D. G. Lam, Jr. (see references 351 to 356 by J. B. Wachtman, 
Jr., et al. ). 
206. S. M. Lang, R. S. Roth and C. L. Fillmore, Some properties of 
porcelain and phase relations in the ternary systems of beryllia 
and zirconia with titania, ceria, and chromia, J. Research Nat'l. 
Bur. Stds. 53, 201-210 (1954). 
The room temperature elastic properties, Young's 
modulus, shear modulus, Poisson's ratio and bulk 
modulus are reported for each of a series of porcelain-
type specimens. Young's modulus and shear modulus 
were calculated using the sonic technique. The phase 
relations were studied petrographically and with x-ray 
diffraction techniques. 
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207. S. M. Lang, Properties of high-temperature ceramics and cermets-
elasticity and density at room temperature, Natl. Bur. Stds. 
Monograph ( 1960), No. 6; Ceram. Abs. 20 1i (1960). 
"Data are given for 46 sets of specimens represent-
ing 20 materials; these include oxides, carbides, 
borides, cermets, and an intermetallic compound. A 
statistical evaluation was used for analyzing the data. 
Results of the room-temperature measurements show 
that {1) significant variations are common both in the 
specimens of one group and in specimens from 
different groups prepared from the same material; 
{2) the largest variations occur for specimens of hot-
pressed materials, although average values are higher 
for hot-pres sed specimens; and {3) measurements of 
the dynamic elastic constants by the sonic method are 
more sensitive indicators of homogeneity and group 
uniformity that bulk-density measurements ... " 
208. J. R. Larkin, Determination of the elastic constants of refractories 
by a dynamic method, Trans. Brit. Ceram. Soc. 56, 1-7 {1957); 
Ceram. Abs. 173j {1958). 
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11 An apparatus was designed for the determination 
of the elastic moduli of refractory materials by the 
dynamic method. This involves the determination of 
the resonant frequency of a regular specimen vibrating 
longitudinally, torsionally or flexurally. The equations 
connecting modulus of elasticity with longitudinal and 
flexural resonant frequencies and modulus of rigidity 
with the torsional resonant frequency are discussed and 
the detection and identification of resonances are 
described. 11 
209. J. R. Larkin and C. S. West, Determination of the modulus of 
elasticity of refractories at high temperatures, Trans. Brit. Ceram. 
Soc. ~~ 8-13 (1957); Ceram. Abs. l73c (1958). 
11 An apparatus for measuring the modulus of 
elasticity of refractory specimens at high temperatures 
is described, and results are given for silica and 
basic brick. The significance of changes in modulus 
with temperatures is discussed. 11 
210. G. M. Leak, Grain boundary damping I : Pure iron, Proc. Phys. 
Soc. (London) .?!_, 1520-1528 ( 1961). 
11 Internal friction measurements have been carried 
out on specimens of high purity iron from which carbon 
and nitrogen have been removed. A relaxation peak, 
observed at about 500°C for a frequency of vibration 
about l c/s, is associated with the presence of grain 
boundaries in the specimens. The activation energy Q 
assol.iated with this damping process is about 46 kcal 
mol- . The damping appears to be governed by a 
term, frequency x (grain size)2 exp (Q/RT). The 
variation of peak damping and background damping is 
similar to that observed in other pure metals. 11 
211. G. M. Leak (see reference 238 by G. W. Miles and G. M. Leak). 
212. A. D. LeClaire, Anelastic measu,rements of diffusion coefficients 
in F. C. C. substitutional solid solutions, Phil. Mag. 42, 673-688 
(1951). 
11 It is shown in this paper how in face-centered 
cubic substitutional solid solutions of metals, measure-
ments upon that form of anelasticity which is associated 
with the preferential reorientation of pairs of solute 
atoms in the presence of a tensile stress, may be used 
to obtain the diffusion coefficient of the solute atoms. 
The theory is applied to some previously reported 
anelastic measurements on (70/30) -brass by Zener 
and by Ke to give the diffusion coefficient of zinc in the 
brass. The results show good agreement with directly 
measured and suitably corrected diffusion coefficients 
:: 
when these are extrapolated to the lower temperatures 
at which the anelastic measurements were made. 
There follows a discussion of the advantages and dis-
advantages of this method of measuring diffusion 
coefficients and of some possible further developments 
of the theory ... 11 
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213 . G. Leibfried, On the influence of thermally excited sound waves on 
plastic deformation, Zeit. Fur Physik 127, 344-356 ( 1950). 
"Under the hypothesis of a plausible "effective 
cross section" a permutation for the scattering of 
sound waves is exhibited where they are being forced 
through these cross sections. Friction, under normal 
conditions allows maximum scattering velocities of 
only about 1/10 of the velocity of sound. This is 
indicated by a relationship between the thermally 
excited waves generating standard shearing stresses 
and the melting point of a metal. This relationship is 
identical to the well known Lindemann's formula. 11 
214. P. J. Leurgans (see reference 255 by A. S. Nowick, et al. ). 
215. J. N. Lomer, E. W. J. Mitchell and D. H. Niblett, Some effects 
of electron irradiation on the internal friction of copper, Radiation 
Damage in Solids, Vol. I, pp. 205-222, International Atomic Energy 
Agency, Vienna, 1962; Nuc. Sci. Abs. 16-33554 (19~2). 
11 The internal friction of a Cu strip of 99. 999o/o 
purity was measured at about 0. 5 kHz before and 
after electron irradiation at both room and liquid N2 
temperatures. Measurements were also made during 
warm-up. It was found that a small change exists at 
100°K, only detectable after relatively high electron 
doses. A change occurs during warmup, beginning at 
about 200°K, the precise temperature being variable. 
No effect was observed at 140°K. A further change 
was found beginning at about 265°K. For the room-
temperature irradiations, the variation with dose and 
energy, was consistent with a displacement energy in 
the range 20-30ev. 11 
216. G. A . Loomis (see reference 105 by S. V. Forgue and G. A. Loomis). 
217. A. E. H. Love, A Treatise£!:!_ the Mathematical Theory of Elasticity, 
Dover Publications, New York, 1944. 
218. K. Lucke and A. Granato, Internal friction phenomena due to dis-
locations, in J. C. Fisher, W. G. Johnston, R. Thomson and T. 
Vreeland, Jr., eds, Dislocations and Mechanical Properties .2..£. 
Crystals, 425-457, John Wiley and Sons, Inc., New York, 1956. 
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219. K. Lucke (see references 123 and 124 by A. Granato and K. Lucke). 
220. J. G. McCann, Decay of vibration phenomena of glass bars, J. Am. 
Ceram. Soc. 25, 409-413 (1942). 
"The purpose of this investigation was to correlate 
the decay of vibration of glass bars with their chemical 
composition. The moduli of decay of four commercial 
glasses were determined by a photographic method 
which employed an oscillograph to provide a graphic 
representation of the audible tone emitted by the bars 
when they were set in vibration. By using bars of 
identical cross section and different lengths, data were 
obtained showing the relation of length to modulus of 
decay. The effect of disannealing on the modulus of 
was also investigated." 
221. H. E. McCoy, Jr. (see reference 326 by R. L. Stephenson and H. E. 
McCoy, Jr.). 
222. J. K. Mackenzie, The elastic constants of a solid containing 
spherical holes, Proc. Phys. Soc. (London) 63B, 2-11 (1950). 
11 The effective bulk and shear moduli are calculated 
by a self consistent method due to Frohlich and Sack. 
The bulk modulus k is determined by applying a hydro-
static pressure, and the shear modulus G by applying a 
simple homogeneous shear stress to a large sphere. 
Each hole is surrounded by a spherical shell of real 
material, and the reaction of the rest of the material 
is estimated by replacing it by equivalent homogeneous 
material. For consistency, both the density and the 
displacement of the outer spherical boundary must be 
the same whether the hole and its surrounding shell 
are replaced by the equivalent material or not. The 
effective elastic constants calculated from these con-
ditions are 
1/k = 1 /k + 3 ( 1 - 0) + 0 ( 1 - ) 3 
o 4G 0 p P 
(3k +4G ) 2 
= 5(1-o) 0 0 + 0(1-o) (9k +8G ) 
0 0 
(G -G) 
0 
G 
0 
where k 0 and G 0 refer to the real material and p is the 
density of the actual material relative to that of the 
real material, in the next approximation k depends on 
the standard deviation of the volumes of the hole. 
The dilatation due to a distribution of pressures 
in the holes is p( 1/k- l/k0 ), where p is the mean 
obtained when the pressure in each hole has a weight 
proportional to the volume of the hole. By using the 
hydrodynamic analogue of the elastic problem, the 
theory is briefly applied to the theory of sintering, 
and used to discuss the effective viscosity of a liquid 
containing small air bubbles. ;, 
223. B. L. Majumder, Young's modulus of elasticity of ceramic 
materials by flexure, Trans. Indian Ceram. Soc. ll, 168-181 
(1952); Ceram. Abs. l09g (1953). 
"The effect of diameter and span-depth ratio 
affecting the determination of E-modulus by flexure 
has been studied. The span-depth ratio is an important 
factor and should be between 20 and 25 to 1 for such 
determinations. The heat treatment, porosity, and 
bulk density also affect the results considerably ... " 
79 
224. R. Mandler (see reference 299 by H. J. Seemann and R. Mandler). 
225. G. K. Manning (see reference 226 by R. E. Maringer, et al. ). 
226. R. E. Maringer, L. L. Marsh and G. K. Manning, A study of 
internal friction and twin-boundary movement in uranium. Atomic 
Energy Commission Publication No. BMI-1069 (1956); Nuc. Sci. 
Abs. ll-811 (1957). 
"The internal friction of recrystallized U was 
shown to depend directly on heating and cooling rates 
and on the rate of application or removal of an external 
stress during measurement. At zero heating or stress 
rate, the internal friction falls to a low value and 
appears to decrease indefinitely at room temperature. 
Micrographs showing twin disappearance on removal or 
reversal of load are shown. Results are compared 
with similar experiments on assuaged U and other 
metals. It is concluded that the various internal-fric-
tion phenomena are the result of the stress-induced 
motion of twin boundaries. " 
227. R. E. Maringer, The effect of changing temperature on the internal 
friction of uranium. Atomic Energy Commission Publication No. 
BMI-X-117 (1961); Nuc. Sci. Abs. 16-5710 (1962). 
''The variation of the internal friction of alpha-
swaged uranium wire has been studied as a function 
of temperature, heating rate, strain amplitude, and 
strain rate. A peak associated with the stress-induced 
motion of twin boundaries and a peak associated with 
grain boundary relaxation and the alpha-beta transfor-
mation have been observed. The internal friction is 
shown to increase linearly with both heating and strain 
rates. This damping loss is interpreted as resulting 
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from the change in dimensions of twinned areas 
during straining. 11 
228. M. 0. Marlowe and D. R. Wilder, Elasticity and internal friction 
of polycrystalline yttrium oxide. Atomic Energy Commission 
Publication No. IS-792 (1963). 
"The elastic modulus and internal friction of 
polycrystalline yttrium oxide have been determined 
from room temperature to 1658°C by sonic techniques. 
A linear relation was found between volume fraction 
porosity and Young's modulus at room temperature. 
An exponential relation was found between volume 
fraction porosity and internal friction at room tempera-
ture. The elastic modulus decreased linearly with 
increasing temperature to 1350° C. At higher tempera-
tures a rapid decrease in elastic modulus occurred 
with a rapid increase in internal friction." 
229. L. L. Marsh (see reference 226 by R . E . Maringer, et al. ). 
230. J. W. Marx, Use of the piezoelectric gauge for internal friction 
measurements, Rev. Sci. Inst. 22, 503 ( 1951) . 
"The addition of an auxillary quartz crystal to the 
usual composite piezoelectric resonator provides a 
convenient strain gauge, which simplifies the measure-
ment procedure and permits the evaluation of amplitude 
dependent decrements over a wide range of strain 
amplitudes. A unique feature of the new procedure is 
that virtually instantaneous values of the decrement 
are obtained, thus bringing transient internal friction 
phenomena under observation. Mechanical resonance 
frequencies may be precisely determined for high as 
well as low decrement specimens. The numerical 
evaluation of terms is carried out for a recommended 
driver-gauge construction of 18. 5°X-cut quartz bars." 
231. J. X. Marx and J. M. Silverstsen, Temperature dependence of the 
elastic moduli and internal friction of silica and glass, J. Appl. 
Phys. 24, 81 (1953). 
"The dynamic Young's moduli and the internal 
friction of fused quartz, Pyrex glass, and soft glass 
rods were measured at a frequency of 37 kilocycles, 
in longitudinal vibration, within the temperature range 
-170° to l000°C, The moduli of Pyrex and quartz 
increased with rising temperature, up to the softening 
point of glass, while that of soft glass decreased. All 
three moduli were approximately linear with respect 
to the temperature over most of the measurement 
interval. Internal friction maxima were noted at high 
temperatures, while at the lowest measurement 
temperatures a significant increase in background 
damping occurred. A brief recapitulation of existing 
theory is given and employed to interpret the internal 
friction data. It is suggested that, in microscopically 
inhomogenous media, the diffusion measurement by 
internal friction methods is not equivalent to the 
determination by other techniques." 
232. I. B. Mason and R. H. Knibbs, Variation with temperature of 
Young's modulus of polycrystalline graphite, Nature 188, 33-35 
(1960); Ceram. Abs. 2le (1961). --
The Young's modulus of nuclear grade carbon 
stock was studied by Forster's method to l000°C. A 
minimum in the Young's modulus was observed at 
about 200°C. It is shown that the Young's modulus 
and expansion coefficient follow one another very 
closely for different heat treatment temperatures for 
the graphite. 
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233. W. P. Mason, Motion of bar vibrating in flexure, including effects 
of rotary and lateral inertia, J. Acoust. Soc. Am. !:_, 246-249 (1935). 
"In this paper a complete theoretical solution is 
given for a bar vibrating in flexure taking account of 
rotary and lateral inertia. The solution shows that 
frequency of a bar free to vibrate on both ends, is 
asymptotic to the frequency given by the usual solution, 
neglecting rotary inertia, when the ratio of width to 
length is small, and approaches the frequency of a bar 
in longitudinal vibration when the width becomes 
comparable to the length ... " 
234. W. P. Mason (see reference 35 by H. E. Bommel, et al.). 
235. W. P . Mason, Physical Acoustics and the Properties of Solids, 
D. Van Nostrand Co., Inc., Princeton, 1958. 
236. Massachusetts Institute of Technology. Metallurgical Project. 
Technical progress report for · the period April through June 1950. 
Atomic Energy Commission Publication No. MIT-1052 (Pt. I(Del)) 
(1950); Nuc. Sci . Abs . 12-914 (1958). 
"The construction and operation of apparatus for 
measuring internal friction of metals down to 4°K is 
described ... " 
237. L. H. Maxwell (see reference 349 by J. B. Wachtrnan, Jr. and 
L. H. Maxwell). 
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238. G. W. Miles and G. M. Leak, Grain boundary damping II: Iron 
interstitial alloys, Proc. Phys. Soc. (London}~. 1529-1542 (1961}. 
"Internal friction measurement of the grain 
boundary relaxation peak have been carried out on 
alloys of high purity iron containing carbon or nitrogen. 
The influence of these impurities on peak height, peak 
temperature and on the activation energy for the 
mechanism giving rise to the damping has been 
determined. The results differ from those reported 
on the influence of substitutional impurities. The 
explanation of these effects is discussed qualitatively 
in terms of the boundary sliding and boundary migration 
mechanisms." 
239. E. W. J. Mitchell (see reference 215 by J. N. Lomer, et al. ). 
240. I. Mohyuddin and R. W. Douglas, Some observations of the 
anelasticity of glasses, Phys. and Chern. Glasses.!.! 71-86 (1960); 
Ceram. Abs. 114h (1961}. 
11 The damping of torsional vibrations in glass 
fibers about 1 mm. in diameter was measured in a 
simple apparatus over the range -100° to 450°C. The 
glasses investigated included binary silicates contain-
ing lithium, sodium, potassium and lead; mixed alkali 
glasses containing sodium and potassium, a commercial 
soda-lime-silica glass; and soda-lime-silica glass 
containing only 2o/o CaO. The variation of damping with 
temperature follows a general pattern for all glasses : 
There is a background absorption of energy which is 
nearly independent of temperature at low temperatures 
and which increases rapidly at higher temperatures. 
Superimposed on this background are two peaks; that 
which occurs at low temperatures is thought to be due 
to stress-induced diffusion of the alkali ions, and it is 
absent in glasses that contain no alkali; the second 
peak is due probably, to the stress-induced diffusion 
of oxygen ions. A tentative discussion of the origin 
of the background absorption ' is included. 11 
241. I. Mohyuddin and R. W. Douglas, Some observations of the 
anelasticity of glasses-correction, Phys . and Chern. Glasses 4, 
34 (1963); Ceram. Abs. 209c (1963). 
11 Errors in the original paper (see reference 240) 
are corrected. 11 
242. L. E. Mong and W. L. Pendergast, Dynamic and static tests for 
mechanical properties of fired plastic refractories and other more 
resilient materials, J. Am. Ceram. Soc. 39, 30 l-308 ( 1956); 
Ceram. Abs. 213c (1956). -
"An apparatus for loading brick-sized specimens 
and a sensitive deflectometer are described. For a 
resilient material, the dynamic test, the static shear-
free transverse test, and the static shear-corrected 
transverse test gave the same modulus of elasticity. 
The resilient materials were dense firebrick, glass, 
steel, and plaster. The elementary shear correction 
was satisfactory for the correction of the deflections 
of transverse test specimens having length to depth 
ratios ranging from 3. 2 to 7. 2. The dynamic modulus 
of elasticity, the static secant modulus of elasticity, 
and the static modulus of rupture were obtained for 
nine brands of heat-treated plastic refractories. The 
load-deflection curves obtained from static tests on 
these materials indicated plastic deformations ranging 
from nil to l9o/o of the truly elastic deformations 
calculated from the results obtained by the dynamic 
method of test. The differences in the extensibilities 
calculated from the static and dynamic method of test 
were equivalent to these plastic deformations ... " 
243. P. M. Morse, Vibration and Sound, McGraw-Hill Book Co., Inc., 
New York, 1948. 
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244. M. L. Mote, Bibliography on damping capacity of steel to Pullman-
Standard Car Manufacturing Company. Atomic Energy Commission 
Publication No. AD-82077 (1951). 
A bibliography of 171 references on damping with 
emphasis on iron and steel. 
245. N. F. Mott, Slip at grain boundaries and grain growth in metals, 
Proc. Phys. Soc. (London) 60, 391-394 (1948). 
The grain boundary is considered as a surface of 
contact divided into islands where fit is reasonably 
good, separated by lines near which fit is bad. According 
to this model the elementary act which allows slip to 
occur is the disordering of atoms around each island 
where fit is good. 
246. S. Mrozowski, J. F. Andrew, N. Juul, H. E. Strauss and D. C. 
Wobschall, Investigation of elastic and thermal properties of carbon 
base bodies. Atomic Energy Commission Publication No. WADC-
TR-58-360 (Pt. III) (1960); Nuc. Sci. Abs. 15-23981 (1961). 
"The elastic properties and permanent set were 
investigated at room temperature for carbons made of 
graphitized filler and for carbons impregnated in the 
baked or graphitized state in dependence on the heat-
treatment temperature. An apparatus for study of 
deformation at l 000 to 3000°C was built and calibrated 
84 
and the first results for the variation of Young's 
modulus with ambient temperature were reported ... " 
247. Y. Murata (see reference 162 by C. Kawashima and Y. Murata). 
248. D. R. Muss, Defect production, internal friction and Young's 
modulus in deuteron irradiated tungsten. Atomic Energy Com-
mission Publication No. AFCRL-62-515 (1961). 
249. R. L. Myerson, The internal friction of linear and cross-linked 
phosphate glasses and methacrylate polymers. Thesis, 
Massachusetts Institute of Technology, Cambridge, 1961. · 
"This paper deals with the effects of cross-linking 
on the internal friction spectrum of methacrylate 
polymers and sodium phosphate glasses. Sodium 
phosphate glasses are a long chain structure when the 
sodium-phosphorus ratio is l. As more phosphorus 
is introduced into the system, the structure changes 
into a three-dimensional network. The changes in the 
internal friction spectrum and preliminary activation 
energies were measured for various peaks of tan o 
versus temperature from close to liquid nitrogen 
temperature to the glass temperature of the material. 
Similar runs were made with hexyl methacrylate and 
hexyl methacrylate cross-lined with ethylene 
dimethacrylate. With the phosphate materials, the 
peak associated with sodium ion diffusion decreased 
as the sodium to phosphorus ratio was decreased. 
However, the peak associated with oxygen ion 
increased with increasing phosphorus pentoxide 
content and surprisingly, the glass transition tempera-
ture decreased with increasing phosphorus pentoxide 
content. It was felt that a "sodium bonding" accounted 
for the higher glass temperature of the sodium 
mataphosphate relative to the ultra phosphates which 
apparently have unstable branching sites ... " 
250. J. R. Neighbours, An approximation method for the determination 
of the elastic constants of single crystals, J. Acoustical Soc. Am. 
26, 865-869 ( 1954). 
"Plane elastic waves traveling in an arbitrary 
direction in a crystal are, in general, neither 
transverse nor longitudinal and in fact show polariza-
tion angles up to 11° in nickel. A method for deducing 
the elastic constants of a cubic crystal is well known. 
The method is here extended to other crystal classes 
where the method may be used in order to deduce all 
the elastic constants of a crystal. 11 
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251. P. V. Nevredimova (see reference 346 by Z. I. Veselova and P. V. 
N evr edimova). 
252. D. H. Niblett (see reference 215 by J. N. Lomer, et al. ). 
253. J. M. Nowack (see reference 263 by H. A. Pearl, et al. ). 
254. A. S. Nowick, Internal friction in metals, Progr. Metal Phys. 4, 
1-70 (1953). 
A review of internal friction in metals covering 
the mathematical treatment of internal friction and 
modulus changes, measurement methods, and the 
phenomena contributing to internal friction in metals. 
255. A. S. Nowick, H. S. Sack and P. J. Leurgans, eds., Conference 
on internal friction due to crystal lattice imperfections, Acta Met. 
~. 267-500 (1962). 
"This entire volume is the result of a Gordon 
Research Conference held in 1960. The subject of 
internal friction due to crystal imperfections is 
covered in four parts: I Effects due to Point Defects, 
II Dislocation Pinning Effects, III Relaxation Peaks 
Produced by Deformation, IV High Frequency 
Techniques. The first three parts are introduced by 
review papers, followed by presentations of sevel:"al 
new works. Abstracts of papers presented on work 
not yet ready for publication are also included ... 11 
256. Nuclear Metals, Inc. Cambridge, Mass. Annual Program Report 
for the Period Ending June 30, 1956. Atomic Energy Commission 
Publication No. NMI-1170 (1957); Nuc. Sci. Abs. 11-10560 (1957). 
"An apparatus was developed for studying internal 
friction in extruded Be. Data from the use of this 
apparatus are expected to yield information on the 
effects of impurities and microcracks on ductility ... " 
257. A. Ottoson (see reference 26 by R. R. Bastian and A. Ottoson). 
258. H. Pajenkamp, Determination of the elasticity on 4x 1 x 16 em motar 
prisms, Zement-Kalk-Gips ~. 63-66 ( 1957); Ceram. Abs. 265f 
(1957). 
259. H. Palmour, III {see reference 199 by W. W. Kriegel and H. 
Palmour, III). 
260. J. M. Papazian, The internal friction due to oxygen in silver. 
Atomic Energy Commission Publication No. UCRL-11017 (1963). 
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11 The presence of oxygen in amounts of the order 
of lOOppm in high purity silver is found to give rise to 
three low temperature internal friction peaks. 
Measurements carried out on single crystal wire 
specimens in a torsion pendulum show that these 
peaks occur at 130°, 180°, and 270°K at a frequency of 
about 2 c. p. s. The activation energies associated 
with these peaks are 8. 5± 1. 0, 11. 5± 1. 0 and 15. 5± 1. 0 
kcal/mole respectively. A study has been made of the 
orientation dependence of the peaks, the variation in 
the peak heights with oxygen concentration and the 
response of these peaks to various annealing treatments. 
It is shown that for both the 130° and the 180° peaks the 
peak height is proportional to the square of the oxygen 
concentration over the range from 100 to 300ppm. 
For both peaks, the maximum relaxation strength is 
observed when the crystals are tested in torsion about 
a[lll]axis, while torsion about[lOOJresults in minimum 
values of the peak heights. On the basis of these 
observations and others, the 180°K peak has been 
assigned to the stress-induced reorientation of 
interstitial oxygen atoms pairs whose axes lie along 
[llO]directions. It is proposed that the defect responsi-
ble for the l30°K peak consists of a pair of oxygen 
atoms in vacant lattice site in the split interstitial 
configuration. The peak at 270°K is tentatively 
ascribed to an oxygen-dislocation interaction. A 
search has also been made for a relaxation peak in 
Ag-Mg-0 alloys containing up to one atomic percent 
magnesium. No peaks have been observed in the 
temperature range from 77° to 290°K. However, the 
introduction of oxygen into binary Ag-Mg alloys is found 
to lower the background damping probably due to the 
effective pinning of dislocations by Mg-0 particles or 
clusters. 11 
261. J. R. Pattison, An apparatus for the accurate measurement of 
internal friction, Rev. Sci. Inst. ~. 490-496 ( 1954); Nuc. Sci. 
Abs. 8-4353 (1954). 
11 An electronic instrument which has been 
developed for the measurement of internal friction to 
a high level of accuracy is described. The device is 
actuated by an input signal consisting of a voltage-time 
decay wave form, with the necessary condition that the 
decay should follow an exponential law. The operation 
is both automatic and rapid so that the apparatus is 
suitable for investigating changes in damping when a 
given dependent parameter is varied. 11 
262. B. Paul, Predictions of elastic constants of multiphase materials, 
Trans. A. I. M. E. 218, 36-41 (1960). 
"The energy theorems of elasticity theory are used 
to find upper and lower bounds on the elastic moduli in 
tension and shear for two-phase materials. A "strength 
of materials" type of approximate solution is also 
given. Comparison with experimental data for a 
particular alloy system shows good correlation for the 
approximate solution, with the scatter band bounded by 
the predicted limits. It is shown that the method may 
also be used for more general multi-phase systems 
and to predict temperature dependence of the elastic 
constants of the composite material. 11 
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263. H. A. Pearl, J. M. Nowak and H. G. Deban, Mechanical properties 
of selected alloys at elevated temperatures: II, Design criteria of 
silicon carbide, PB Rept. 161723. U. S. Gov't. Research Repts. 
34, 177 (1960). 
"A study was made of nondestructively testing 
silicon carbide by density uniformity, dynamic modulus 
by sonic technique, X-ray diffraction under transverse 
load, electrical resistivity and internal friction. 
Dynamic modulus of silicon carbide was experimentally 
determined at 80°F and 2200°F. The variability of the 
properties of the silicon carbide and the lack of simple 
correlations between the properties and geometry 
require the use of a statistical approach to correlate 
mechanical properties and geometry ... " 
264. W. L. Pendergast (see reference 242 by L. E. Mong and W. L 
Pendergast). 
265. R. E. Peierls, The size of a dislocation, Proc. Phys. Soc. 
(London) 52, 34-37 ( 1940). 
"Calculations are made of the size of a dislocation 
and of the critical shear stress for its motion." 
266. R. S. Piatasik and D. P. H. Hasselman, Effect of open and closed 
pores on Young's modulus of polycrystalline ceramics, J. Am. 
Ceram, Soc. 47, 50-51 (1964). 
The expression given by Hasselman for the effect 
of porosity on elasticity (see reference 135) is extended 
to account for the effects of open and closed pores 
individually. 
267. G. Pickett, Equations for computing elastic constants from flexural 
and torsional resonant frequencies of vibration of prisms and 
cylinders, Proc. A. S. T. M. 45, 846-865 (1945). 
"The equations of Mason, Love, (see references 233 
and 217) etc. that do not take into account the effect of 
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shear are not so satisfactory as Timoshenko's 
differential equation for flexural (transverse) vibration 
of prismatic bars. Goen 1s solution (see reference 
121) of Timoshenko 1s differential equation for bars 
with free ends is in very close agreement with results 
obtained by means of the mathematical theory of 
elasticity if the shear constant K' is given the proper 
value. The proper value depends on Poisson's ratio, 
being about 5/6 for IJ = 0, 8/9 for u = 1/6, and 0. 85 
for ~t = 1/3. The radius of gyration r adequately 
describes the cross section of a prism for the compu-
tation of resonant flexural vibration. The approximat~ 
equation given by Goens for the correcting factor T, 
can be made accurate to at least three figures by 
subtracting the quantity 125 (r /1 )4. Equations are 
given for computing Young's modulus and the shear 
modulus from flexural and torsional resonant 
frequencies, respectively. Graphs are given from 
which the size and shape factor C in the equation for 
Young's modulus and Goen's correction factor Tare 
readily determined. An equation is given for obtaining 
Poisson's ratio from the flexural and torsional resonant 
frequencies, and the limitations of the equations are 
discussed." 
268. D. Polder, Theory of the elastic after -effect and the diffusion of 
carbon in alpha iron, Phillips Res. Repts . .!_, 5 ( 1945). 
"Snoek's theory (see reference 309, 310) of the 
elastic after-effect in a-iron, which ascribes this 
effect to the internal migration of dissolved C or N 
atoms is worked out in more detail. The effect is 
calculated when a single crystal is submitted to a 
simple stress in an arbitrary direction and the 
result is compared with the experimental values. 
The agreement is satisfactory. From the time of 
relaxation, by means of which the relaxation 
phenomena in a state of alternating stress can be 
described, the coefficient of diffusion of carbon in 
a -iron is calculated and the numerical value is 
compared with that of y-iron." 
269. V. S. Postnikov, Temperature dependence of the internal friction 
of pure metals and alloys. Atomic Energy Commission Publication 
No. AEC-tr-3529; Nuc. Sci. Abs. 13-4004 (1959). 
"The capacity of a body to convert the energy of 
mechanical oscillations to heat is examined. These 
internal frictional forces amount to about 70% of the 
total resistance forces acting under real conditions 
on an oscillating body. Methods of friction determina-
tion are discussed, and it is pointed out that existing 
theories satisfactorily characterize the temperature 
dependence of the internal friction of well-annealed 
metals and alloys which do not go through a phase 
transition upon heating. However, the whole theory 
of internal friction is far £rom complete, because of 
its complexity and because of the limited number of 
systematic investigations which have been conducted ... 11 
270. T. C. Power, Measuring Young's modulus of elasticity by means 
of sonic vibrations, Proc. A. S. T. M. 38 (Pt. II), 460-469 (1938). 
11 A dynamic method of measuring Young 1 s modulus 
of elasticity of a concrete or mortar specimen by 
determining its natural frequency of vibration is 
described. Data are presented comparing the moduli 
of elasticity obtained by this method with those 
obtained by static loading methods. The dynamic 
method is believed to give the true elastic modulus 
not complicated by plastic flow." 
271. S. L. Quimby, On the experimental determination of the viscosity 
of vibrating bars, Phys. Rev. 25, 558-573 (1925). 
The theoretical development is based on the 
assumption, due to Stokes, that the stress in the 
medium due to viscosity is proportional to the first 
power of the time rate of shearing strain. The equa-
tion of propagation of a plane longitudinal sound wave 
along a slender bar is made to include the viscous 
stress which arises from the shearing strain associated 
with this type of disturbance. Comparison of the 
theory with experiment is made by studying longitudinal 
resonance curves of several materials. The experi-
mental curves for hard drawn copper, aluminum and 
glass are in good agreement with those deduced from 
the theory. Curves for soft annealed copper and 
silver, however, exhibit discrepancies which indicate 
the presence of viscous forces varying according to 
higher powers of the strain velocity. 
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272. S. L. Quimby, Some new experimental methods in ferromagnetism, 
Phys. Rev. ~. 345-353 (1932). 
The effect of magnetic field intensity on the 
internal friction of longitudinal vibration of a soft 
iron rod magnetized parallel to its axis is included 
in the discussion. 
273. R. Rawlings (see reference 283 by P. M. Robinson and R. Rawlings). 
274. J. W. S. (Lord) Rayleigh, The Theory of Sound, Vol. l, 1877, 
Dover Publications, New York, 1945. 
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275. T. A. Read, The internal friction of single metal crystals, Phys. 
Rev. 58, 371-380 (1940). 
"The internal friction of crystalline copper, tin, 
lead, and zinc has been measured by the composite 
piezoelectric oscillator method. It is found that the 
decrement of an unannealed crystal may be as large as 
that of the polycrystalline material, that annealing 
reduces the decrement to a value of the order l0-4 to 
lo-5, and that both Young's modulus and the decrement 
vary with the vibrational strain amplitude at strain 
amplitudes as low as 10-6. In the case of zinc crystals, 
a detailed study has been made of the way in which the 
elastic modulus and internal friction depend on the 
previous history of the specimen, on the vibration 
frequency and amplitude and on the orientation of the 
vibration axis with respect to the crystal slip planes. 
The results suggest that the mechanism involved is a 
propagated "dislocation" of the sort proposed by 
Taylor, Polanyi and Orowan to account for the 
macroscopic plastic flow, and that the application of 
stress is accompanied by a plastic strain, together 
with an associated strain hardening in consequence of 
which the stress- strain relation on removal of the 
applied stress is nearly elastic." 
276. T. W. Reichard (see reference 316 by S. Spinner, et al.). 
277. E. G. Richardson, Relaxation Spectrometry, North-Holland 
Publishing Co., Amsterdam, 1957. 
278. G. R. Rigby (see reference 70 by W. R. Davis and G. R. Rigby}. 
279. G. E. Rindone (see references 289 and 290 by R. J. Ryder and 
G. E. Rindone). 
280. G. E. Rindone (see references 7 2 and 7 3 by D. E. Day and G. E. 
Rindone). 
281. G. E. Rindone, Glass research by internal friction measurements. 
Mineral Inds. (Penn. State Univ.) lL 1-6 (1962); Ceram. Abs . 
85j (1962). 
11 The internal friction of a substance subjected to 
a periodic vibration measures its ability to absorb 
mechanical energy. Internal friction in glasses is 
associated with diffusion processes which depend on 
the environment of the diffusing entity; thus, the 
environment can be studied if this entity is identifiable. 
A glass rod 0. 5 mm in diameter was the elastic 
member of a torsion pendulum. The damping of 
torsional vibrations could be studied from -60° to 
500° C and, if desired to the temperature of liquid 
nitrogen; a constant frequency of 0. 4 c. p. s. was used, 
and the internal friction was calculated. The low 
frequency allowed the relaxation processes leading to 
internal friction peaks to occur at temperatures low 
enough to be revealed above the background internal 
friction due to the relaxation of the glass network 
itself. Alkali silicate glasses with systematic intro-
duction of alkaline-earth oxides, lithium silicate 
glass heat treated to cause nucleation and progressive 
crystallization, and sodium alumino-silicate glasses 
with varying ratios of Na and Al were studied. There 
was evidence that preferential groupings of some 
alkali and alkaline-earth cations could occur, that 
oxygen ion polarizability predominated in determining 
glass structure, and that the continuous random network 
theory was valid in special cases. The early stages 
of nucleation and crystallization were detectable by the 
formation of a new internal friction peak. 11 
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282. A. L. Roberts, Elasticity-temperature relationships in refractories, 
Trans. Brit. Ceram. Soc. 53, 724-730 {1954); Ceram. Abs. 8g 
(1960). 
"Many refractory materials undergo pronounced 
increases in elastic constants when heated at tempera-
tures below those at which plasticity occurs. This 
effect is considered to be a direct consequence of 
their heterogeneous nature and specifically caused by 
the more highly expansile phases reoccupying voids 
created during the cooling period following the initial 
firing of the material. Rigid tests of this hypothesis 
are not possible, but theoretical considerations of the 
effect of induced voidage on the elastic properties of 
otherwise homogeneous solids suggest that the 
hypothesis is not inconsistent with the observed facts. 11 
283. P. M. Robinson and R. Rawlings, The influence of solute atoms on 
the damping due to dislocations in iron alloys, Phil. Mag. 4, 938-
947 (1959). -
11 The effect of Si and 0 2 in solid solution on the 
damping of iron (vibrating at 1. 03 c. p. s.) has been 
studied. The damping is independent of vibration 
amplitude up to a critical amplitude. The variation of 
this critical amplitude with temperature and solute 
concentration has been studied. From the temperature 
variation of the critical amplitude a binding energy of 
0. 004 ev between a Si atom and a dislocation has been 
obtained. Above the critical amplitude, the damping 
varies with amplitude of vibration. This variation has 
been compared with that deduced by Granato and Lucke's 
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(1956)(see reference 123) model for mechanical 
damping due to dislocations. 11 
284. W. Rosenhain and D. Ewen, Intercrystalline cohesion in metals, 
J. Inst. Metals~ 149-173 (1912). 
The structure of the grain boundaries is described 
as an intercrystalline amorphous cement. Several 
arguments to support this hypothesis are given. 
285. M. Ross (see reference 170 by T. S. Ke and M. Ross). 
286. W. Rostoker (see reference 122 by W. H. Graft and W. Rostoker). 
287. R. S. Roth (see reference 206 by S. M. Lang, et al.). 
288. K. M. Rozin and B. N. Finkelshtein, Study of phase transformations 
by internal friction method. Atomic Energy Commission Publication 
No. NSF-tr-143; Nuc. Sci. Abs. 8-1126 (1954). 
"Internal friction can be used in studying not only 
the result of phase transformation but also the kinetics 
of the process. A comparison of the measurements of 
the internal friction and the electric resistance of a 
sample of carbide forming austenite steel quenched at 
800° showed that in the course of 2. 5 hr the electric 
resistance decreased by 1. 3o/o whereas the internal 
friction increased by 180o/o." 
289. R. J. Ryder and G. E. Rindone, Internal friction of some simple 
alkali silicate glasses containing alkaline-earth oxides: I, Experi-
mental results, J. Am. Ceram. Soc. 43, 662-669 (1960); Ceram. 
Abs. 31£ (1961). -
11 The internal friction of simple alkali silicate 
glasses to which systematic alkaline-earth oxide ad-
ditions were made was investigated. These additions 
produced two significant results: (1) The two peaks 
previously reported in alkali silicate glasses were 
shifted to higher temperatures and decreased in height. 
(2) A third peak was found in some glasses which 
became more pronounced with increasing alkaline-
earth oxide content. Internal friction measurements 
of alkali-free silicate and phosphate glasses are also 
described. In these glasses, peaks were present 
which closely resembled those found in glasses 
containing alkali. 11 
290. R. J. Ryder and G. E. Rindone, Internal friction of some simple 
alkali silicate glasses containing alkaline-earth oxides: II, Inter-
pretation and discussion, J. Am. Ceram. Soc. 44, 532-540 (1961); 
Ceram. Abs. 4i (1961). -
"The results of internal friction measurements 
on simple three-component glasses are discussed. 
From a consideration of the basic equations governing 
internal friction and examination of the results of 
other investigators, a basis of interpretation is 
developed. Changes in peak temperature position can 
be explained by changes in the activation energy of the 
process causing the peak. A change in peak height 
not accompanied by a change in the shape of the peak 
is shown to be due to a change in the concentration of 
the relaxation mechanisms. With this information, 
changes in the peaks due to composition variations 
are explained on a structural basis. A mechanism is 
also suggested to explain the new high-temperature 
peak. A critical examination of the measurements on 
alkali-free and phosphate glasses leads to the con-
clusion that it may be necessary to reevaluate some of 
the concepts concerning the low-temperature peak in 
alkali silicate glasses." 
93 
291. E. Ryshkewitch, Compression strength of porous sintered alumina 
and zirconia, J. Am. Ceram. Soc. 36, 65-68 (1953); Ceram. Abs. 
42j (1953). 
"The influence of controlled porosity on the 
compression strength of sintered pure alumina and 
of partly magnesia-stabilized zirconia was investigated. 
Bodies with porosities ranging from approximately 3 
to 60% by volume were prepared utilizing hydrogen 
peroxide to induce pore formation. Cubes of approxi-
mately 1. 2 em unit length were used in testing for 
compression strength at room temperature. The 
spatial arrangement of pores in sintered alumina was 
found to exert an influence, inasmuch as bodies with 
pores lined parallel to the pressure direction revealed 
a higher strength than bodies of the same porosity but 
with pores lined perpendicular to this direction. It 
was found that an increase of porosity by 10 volume % 
decreased the strength of both sintered alumina and 
sintered zirconia by half of their initial respective 
values." · 
292. H. S. Sack, Review of low temperature relaxation peak. Atomic 
Energy Commission Publication No. TID-13694 (1961). 
"A brief summary is given of the Bordoni type 
relaxation peaks that are observed in plastically 
deformed materials at low temperatures. The 
differences in the behavior of these peaks in materials 
of different space lattices are emphasized. 11 
293. H. S. Sack {see reference 255 by A. S. Nowick, et al. ). 
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294. E. M. Savitskii (see reference 69 by A. I. Dashkovskii, et al. ). 
295. H. Scheetz, Investigation of the theoretical and practical aspects 
of the thermal expansion of ceramic materials. Atomic Energy 
Commission Publication No. AD-270178; Ceram. Abs. 228j (1963). 
"Extrapolation of elastic moduli data for porous 
ceramic bodies (for porosities of 5% or less) leads to 
values for the fully dense body which lie between those 
computed by space averaging of single-crystal elastic 
stiffness and compliance constants. The elastic 
properties of composite bodies, including multiple-
phase ceramics, may be predicted (with small error 
for bodies which remain continuous solids) by a method 
developed by Kerner (see reference 17 5). The elastic 
moduli which should be used for ceramics correspond 
to the values for the fully dense polycrystalline body 
rather than the lower values associated with the more 
readily available porous ceramics. The validity of 
Kerner 1 s method for predicting thermal expansion for 
multiple-phase ceramics was clearly shown for three 
two -phase systems." 
296. G. Schoeck, Internal friction based on the interaction between dis-
locations and solute atoms. Atomic Energy Commission Publication 
No. AEC-tr-5970. 
"A theory is developed to explain an internal 
friction peak which is observed after cold-work in 
b. c. c. metals containing impurity atoms in interstitial 
solute solution. In contrast to previous assumptions 
it is proposed that the elastic relaxation is directly 
caused by the movement of dislocations. The disloca-
tions are normally locked by impurity atmospheres but 
can move at the peak temperature by dragging the 
solute atoms along. The dislocations are assumed to 
be anchored at immobile precipitates or clusters of 
solute atoms distributed at intervals along the dis-
location line. Two limiting cases of dislocation 
oscillation are considered with amplitudes large and 
small compared with the interatomic distance b. 
It is found that the peak height and the relaxation time 
(and hence the peak temperature) depend on structural 
details such as average free length between precipitates, 
their distribution function and the concentration of 
solute atoms. 11 
297. J. Schultz (see reference 47 by R. H. Chambers and J. Schultz). 
298. J. L. Seely (see reference 115 by P. Gibbs, et al. ). 
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299. H. J. Seemann and R. Mandler, Determination of the purity of 
metals by means of damping measurements. Atomic Energy 
Commission Publication No. NP-tr -1011; Nuc. Sci. Abs. 17-23881 
(1963). 
"By consideration of selected examples this paper 
shows the possibilities of using damping measurements 
to determine the purity of metals. The explanations 
show that the method renders possible the specific 
determination of certain impurities, especially of gases 
such as nitrogen and oxygen. This represents a notable 
advantage over measurements of residual resistance 
since these refer mostly to the total amount of impurities 
(including lattice defects}. 11 
300. F. Seitz, The Physics of Metals, McGraw-Hill Book Co., Inc., 
New York, 1943. 
301. P. T. B. Shaffer, D. P. H. Hasselman and A. Z. Chaberski, 
Study of combinations of high and low elastic modulus ceramic 
materials. Atomic Energy Commission Publication No. NP-9972 
(May, 1960); Nuc. Sci. Abs. 15-16057 (1961}. 
"Preliminary experiments to measure the modulus 
of elasticity as a function of temperature and composi-
tion by a sonic method indicate that accurate, consistent 
results can be obtained •.. 11 
302. P. T. B. Shaffer, D. P. H. Hasselman and A. Z. Chaberski, Study 
of combinations of high and low elastic modulus ceramic materials. 
Atomic Energy Commission Publication No. NP-9971 (July, 1960); 
Nuc. Sci. Abs. 15-16056 (1961). 
"Physical properties such as elastic modulus, 
shear modulus, Poisson 1s ratio, rupture modulus and 
thermal expansion coefficients were determined for 
hot-pressed ZrC, graphite, and graphite-ZrC systems. 
The results indicate that the observed increase in 
thermal shock resistance of carbide-graphite systems 
is ~aused by an increase in the strength to modulus of 
elasticity ratio with increasing graphite content ... 11 
303. K. D. Shimmin (see reference 146 by W. H. Hill and K. D. Shimmin). 
304. J. M. Silvertsen (see reference 231 by J. X. Marx and J. M. 
Sil verts en). 
305. L. H. Sjodahl and B. A. Chandler, Single-crystal elastic constants 
of BeO from polycrystalline measurements, J. Am. Ceram. Soc. 
46, 351-352 ( 1963}. 
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Young's modulus for single crystals is deduced 
from measurements of Young's modulus and orientation 
distribution functions of three polycrystalline BeO 
specimens having different degrees of preferred grain 
orientation. 
306. D. M. Skorov (see reference 69 by A. I. Dashkovskii, et al. ). 
307. C. A. Smith (see reference 93 by F. E. Faris, et al.). 
308. I. N. Sneddon, Symposium on elasticity and visco-elasticity in 
ceramics: Introduction, Trans. Brit. Ceram. Soc. 53, 697-709 
(1954); Ceram. Abs. 180b (1960). -
"A brief account is given of the mathematical 
theory of elasticity and visco-elasticity. It is purely 
expository, introducing the main concepts and 
definitions of the subject to provide a background for 
the papers which follow. Sneddon considers several 
one-dimensional models and then discusses the three-
dimensional theory." 
309. J. L. Snoek, Effect of small quantities of carbon and nitrogen on 
the elastic and plastic properties of iron; Physic a ~. 7 11-713 ( 1941). 
"The phenomena of elastic after effect in pure and 
technical iron and iron alloys in so far as is caused by 
the presence of nitrogen or carbon in solid solution is 
discussed. It appears that the elastic after effect is 
present and shows the same character in all the materials 
studied which were all body centered cubic. The elastic 
after effect is sufficiently accurately described by a 
single relaxation time, identical with the value determined 
magnetically, in the temperature range studied. As the 
measuring temperature is varied the damping passes 
through a maximum. The above is true only for 
annealed specimens, if the sample is deformed the first 
maximum disappears and changes the second to higher 
temperatures. This maximum is interpreted as 
"Gorsky" damping. For the first maximum a new 
interpretation is advanced which differs only slightly 
from that advanced earlier. 11 
310. J. L. Snoek, Tetragonal martensite and elastic after effect in iron, 
Physica ~. 862-864 (1942). 
"It was shown that, using an apparently plausible 
hypothesis, the large elastic after-effect in iron 
containing carbon can be predicted from the relative 
size of the lattice dimensions of the tetragonal 
martensite. 11 
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311. P. D. Southgate, Internal friction measurements of ceramic 
materials. Atomic Energy Commission Publication No. ASD-61-
628 ( 1962) . 
''A highly refined experimental equipment has 
been constructed which allows for accurate determi-
nations of the internal friction in carefully supported 
specimens vibrating as free-free beams. Experi-
mental work has been confined to MgO single crystals. 
It was found that the amplitude independent component 
of dislocation damping is largely independent of 
temperature up to 500°C, in contrast to some theo-
retical predictions. Furthermore, the behavior of 
the amplitude dependent component also contradicts 
the predictions of the Granato-Lucke theory. 
Annealing of dislocation damping occurs with 
increasing speed above 400°C and is a function of 
specimen purity. Complexes consisting of trivalent 
impurity-vacancy pairs exhibit a relaxation peak at 
230°C (for 45 kc/s), at an activation energy of 0. 63 to 
0. 02 eV. These complexes are created by a short 
anneal at above 1000°C; a lower temperature anneal 
causes them to dissociate until an equilibrium 
concentration is reached." 
312. P. D. Southgate, Internal friction measurements I. Studies on 
single crystals. Atomic Energy Commission Publication No. 
ASD-TR-61-628. Part 2 . pp. 204-254 (1963). 
The internal friction between 10 and 50 kc/s 
from -195° to 1000°C in single crystal MgO which has 
been plastically deformed at room temperature to 
introduce dislocations was studied. The results are 
analyzed in terms of ( l) the temperature dependence 
of the logarithmic decrement measured at low 
amplitudes of oscillation, which is independent of 
amplitude, (2) the reduction of this amplitude-
dependent damping during anneal at temperatures in 
the range 400° -700°C and (3) the nature of the 
amplitude dependence of damping. In each case, 
experimental results are compared with existing 
theories ; the agreement is often found unsatisfactory. 
Further theoretical developments are given based 
on similar models of dislocation motion to those 
used in the past. 
313. P . D. Southgate, Internal friction in single crystal ceramics. 
Atomic Energy Commission Publication No. IITRI-B60 12-2, pp. 
21-32 (1963). 
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Dislocation damping in MgO single crystal was 
studied. The existing theories for dislocation damp-
ing do not adequately describe the observed behavior 
of the MgO single crystals. A "disordered strip" 
model is proposed in which a disorder analogous to 
melting occurs in a strip lying in the glide plane. 
314. S. Spinner', Elastic moduli of glasses by a dynamic method, J . 
Am. Ceram. Soc. 37, 229-234 (1954); Ceram. Abs. 114d (1954). 
"The elastic moduli and speed of sound of 
twenty-three optical glasses, a series of Na20, 
CaO, Sio4, and B 2o 3 glasses, and some specimens 
of fused s1lica were measured by a dynamic method. 
Each specimen, in the shape of prismatic bar, was 
vibrated in four different ways: longitudinally, 
flexurally on the wide side, flexurally on the thin 
side, and torsionally. Good agreement was found 
on Young's modulus as determined by the first three 
methods. The torsional mode was used to obtain 
the shear modulus. Statically and dynamically 
determined values of Young's modulus for six sample 
glasses also showed good agreement." 
315. S. Spinner and R. C. Valore, Jr., Comparison of theoretical and 
empirical relations between the shear modulus and torsional 
resonance frequencies for bars of rectangular cross section, J. 
Research Nat 11. Bur. Stds. 60, 459-464 ( 1958) ; Ceram. Abs . 
285h (1958). -
"The relations between the modulus of elasticity 
in shear and the fundamental torsional resonance 
frequency, mass and dimensions for bars of rec-
tangular cross-section were evaluated experimentally. 
The empirical relation was found to be less than the 
theoretical approximation given by Pickett (see 
reference 267) by an amount increasing to about 
1. 7 5o/o as the eros s- sectional width to depth ratio of 
the bars approached 10. In addition to the funda-
mental torsional resonance frequency, the first 
overtone of the specimens was also determined. 
The overtone was found not to be an exact multiple 
of the fundamental; it increased more than 5o/o over 
double the value of the fundamental as the width to 
depth r~tio increased to 10." 
316. S. Spinner, T. W. Reichard and ·w. E. Tefft, Comparison of 
experimental and theoretical relations between Young 1 s modulus 
and the flexural and longitudinal resonance frequencies of uniform 
bars, J . Research Nat'l. Bur. Stds . 64A, 147-155 (1960) ; 
Ceram. Abs. 199j (1960). 
"The relations from which Young's modulus may 
be computed from mechanical, flexural, and longi-
tudia1 resonance frequencies were established by an 
empirical method using two sets of steel bars. Both 
sets contained rectangular and cylindrical specimens . 
For longitudial vibration of cylindrical specimens, 
the agreement between the empirical curves and 
Bancroft's (see reference 21) corresponding theo-
retical relation was within experimental error if 
Poisson's ratio for both sets is taken to be 0. 292. 
For flexural vibrations, the agreement between the 
empirical curve and the corresponding theoretical 
relation developed by Pickett is also within experi-
mental error for about the same value of Poisson's 
ratio for the rectangular specimens of both sets; 
for cylindrical specimens, however, the empirical 
values are somewhat lower than those predicted by 
theory." 
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317. S. Spinner, Temperature dependence of elastic constants of some 
cermet specimens, J. Research Nat 11. Bur. Stds. 65C, 89-96 
(1961); Ceram. Abs. 214e (1961). --
"The temperature dependence of both Young's 
and shear modulus of four types of cermet specimens 
known as nickel-bonded titanium carbide as well as 
Ni and TiC was determined by a dynamic resonance 
method. The Young's modulus temperature curves 
of the cermets are characterized by a linear 
decrease from room temperature to about 700° to 
1 000°C. In this upper temperature region, an 
inflection in the relation develops, accompanied by 
an increase in internal friction. Both these effects 
are attributed to viscous grain boundary slip. For 
shear modulus, only the linear portion of the 
fl1:0dulus temperature relation was obtained. In 
this linear region, the relative decrease in shear 
modulus for the cermet specimens is greater than 
the relative decrease in Young's modulus for the 
same type of specimen. This means that Poisson's 
ratio rises with temperature for cermets." 
318. S. Spinner and W. E. Tefft, A method for determining mechanical 
resonance frequencies and for calculating elastic moduli from 
these frequencies, Proc. A.S.T.M. 61, 1221-1238 (1961); Ceram. 
Abs. 248g (1962) . -
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"Techniques for exciting, detecting and measur-
ing the mechanical resonance frequencies of solid 
specimens are described. Relations are given for 
computing the appropriate elastic moduli from the 
resonance frequencies. 11 
319. S. Spinner, Temperature dependence of elastic constants of 
vitreous silica, J. Am. Ceram. Soc. 45, 394-397 (1962); Ceram. 
Abs. 2l0c (1962). 
"The relation between the elastic moduli and 
temperature from room temperature to about 
l300°C was determined for a group of vitreous 
silica specimens by a dynamic resonance method. 
All the curves were approximately parabolic, 
reaching a maximum near 1050° to l200°C. At the 
maximum value, Young's modulus was more than 
ll o/o higher and the shear modulus was about 9o/o 
higher than the room-temperature values. Poisson's 
ratio was then computed to rise from about l/6 at 
room temperature to about l/5 at the temperature 
of maximum elastic modulus. Small but significant 
differences were observed in the temperature-
modulus curves for specimens from different 
sources. These differences were found to be 
related to differences in the infrared transmission 
curves." 
320. S. Spinner, F. P. Knudsen and L. Stone, Elastic constant-porosity 
relations for polycrystalline thoria, J. Research Nat11 Bur. Stds. 
67 C, 39-46 ( 1963). 
"The relations between the elastic constants 
and porosity for about 300 thoria specimens have 
been determined. Both Young's and the shear 
modulus for each specimen were obtained by a 
dynamic resonance method. From these two 
moduli, Poisson's ratio was computed. The decrease 
in the elastic constants with. increasing porosity was 
greater than would be expected from the theory. 
This greater decrease for the experimental values 
is attributed to the fact that the specimens do not 
conform to the idealized assumptions of the theory." 
321. S. Spinner, L. Stone and F. P. Knudsen, Temperature dependence 
of the elastic constants of thoria specimens of varying porosity, 
J. Research Nat11 Bur. Stds. 67C, 93-100 (1963). 
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"The temperature dependence of Young's and 
the shear modulus of 18 thoria specimens of porosities 
ranging from 3. 7 to 39. 4 percent have been measured 
by the dynamic resonance method. The temperature 
range of the measurements was from 25 to 1300°C. 
The moduli decreased with increasing temperature in 
general accordance with the pattern observed for 
other polycrystalline materials. The relative 
decrease in modulus with temperature for all 
material was essentially independent of porosity up 
to about 800°C. Above this temperature the relative 
decrease in modulus for the high porosity specimens 
tended to be more rapid than for the low porosity 
specimens. Also, Poisson's ratio for any particular 
specimen remained constant over the entire tempera-
ture range of measurement." 
322. R. M. Spriggs, Expression for effect of porosity on elastic 
modulus of polycrystalline refractory materials, particularly 
A1203, J. Am. Ceram. Soc. 44, 628-629 (1961). 
An exponential expression for the effect of 
porosity on elastic modulus is proposed. 
323 . R. M. Spriggs and L. A . Brissette, Expression for shear modulus 
and Poisson's ratio of porous refractory oxides, J. Am. Ceram. 
Soc. 45, 198-199 (1962). 
An exponential relationship between the shear 
modulus and porosity of alumina is proposed. For 
the case where both Young's modulus and the shear 
modulus are exponentially dependent on porosity, it 
is found that the Poisson's ratio must be a linear 
function of porosity. This is demonstrated by the 
data on alumina. 
324. R. M. Spriggs, L. A. Brissette and T. Vasilos, Effect of porosity 
on elastic and shear moduli of polycrystalline magnesium oxide, 
J. Am. Ceram. Soc. 45, 400 ( 1962). 
Exponential relationships between Young's 
modulus and the shear modulus and the porosity of 
magnesium oxide are computed and found to 
adequately describe the data in the literature. 
325. R. M. Spriggs, Effect and open and closed pores on elastic 
moduli of polycrystalline alumina, J. Am. Ceram. Soc. 45, 454 
(1962). 
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The exponentia.l relationship between elastic 
moduli and porosity is extended to apply to both open 
and closed pores independent! y. 
326. R. L. Stephenson and H. E. McCoy, Jr., Recording equipment 
for internal friction measurements. Atomic Energy Commission 
Publication No. ORNL-3197; Nuc. Sci. Abs. 16-3097 (1962). 
"An apparatus was developed for recording 
internal friction data in such a manner as to circum-
vent many of the laborious and time-consuming 
observations and calculations usually associated 
with these measurements. An optical lever is used 
and the passage of the beam across the scale is 
detected by photoconductive cells. The cells are 
strategically located so that, when their signals are 
fed through a multichannel switching circuit to the 
pens of an operation recorder, a plot of the loga-
rithm of the vibrational amplitude versus the number 
of cycles is recorded on the chart. From the 
definition of the logarithmic decrement, (0), it can 
be shown that the slope of this curve is -0. The 
apparatus is inexpensive and requires a minimum 
of maintenance. It has been used for accurate 
determinations of o from below 0. 0001 up to 0. 3. 11 
327. R. P. Stinchfield (see references 351, 353 and 354 by J. B. 
Wachtman, Jr., et al. ). 
328. R. J. Stokes, Microstructure and mechanical properties of 
ceramics. Atomic Energy Commission Publication No. HR-63-264; 
Nuc. Sci. Abs. 17-29323 (1963). 
11 The influence of microstructure on the following 
aspects of mechanical behavior was considered: 
elastic deformation; anelastic behavior; plastic 
deformation; brittle fracture; high temperature 
deformation; and creep. In addition to familiar 
variables such as grain size' and the presence and 
distribution of porosity or a second phase, the term 
microstructure was considered broadly enough to 
allow discussion of the role that fundamental 
variables such as crystal structure, bond character 
and crystalline defects, impurities, vacancies and 
dislocations play in determining mechanical 
behavior. 11 
329. L. Stone (see references 320 and 321 by S. Spinner, et al. ). 
330. H. Strauch (see reference 82 by E. W. Dickson and H. Strauch) . 
331. H. E. Strauss (see reference 246 by S. Mrozowski, et al. ). 
332 . J. W. Stuart, Internal friction and creep in polycrystalline 
ceramics. Atomic Energy Commission Publication No. IITRI-
B6012-2, pp . 33-38 (1963). 
The internal friction of Lucalox was studied to 
1600°C in hydrogen and oxygen atmospheres. The 
activation energy for the hi~h temperature internal 
friction process is 60 kcaljmole as compared to 40 
kcal/mole for Wesgo alumina. This difference is 
attributed to the formation of spinel at the grain 
boundaries in the Lucalox, whereas a less refractory 
vitreous phase is present at the grain boundaries in 
the Wesgo alumina. 
333. J. J. Swica (see reference 57 by D. H. Chung, ~ al. ). 
334. A. Taylor, Low temperature internal friction peaks in single 
crystals of NaCl and LiF, J. Appl. Phys. 32, 1799 ( 1961). 
A preliminary study of the internal friction 
below room temperature, in the kilocycle frequency 
range of NaCl and LiF, has shown that small amounts 
of plastic deformation give rise to a well-defined 
internal friction peak. For small amounts of defor-
mation a peak occurs at about 100°K in NaCl and at 
about 60°K in LiF; there is also some evidence of 
a second peak at 140°K in LiF. 
335. A. Taylor, Low temperature internal friction in monocrystalline 
lithium fluoride, Acta Met . ..!:.£.. 489-493 ( 1962). 
"The effect of room temperature plastic defor-
mation upon the internal friction of monocrystalline 
bars of LiF was measured over the temperature 
range 20-273°K at 6 and 40 kc/s at about 1 x l0-7 
strain amplitude. Slight deformation increased the 
over-all internal friction and gave rise to a well 
defined peak at about 72°K at 40 kc/s. Further 
deformation up to 5 per cent increased the height 
of this peak and caused the appearance of a second 
peak at about 160°K. Aging appeared to lower the 
height of the 160°K peak more rapidly than that of 
the lower peak, while complete annealing at 650°C 
removed both peaks. From the variations of the 
peak temperature with frequency, activation 
energies of approximately 0. 15 ev and 0. 4 ev were 
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calculated for the 72°K peak and the 160°K peak, 
respectively. The present results for the 72°K 
peak show similarities to the Bordoni (see reference 
36) peak for copper. However in contrast to the 
observations in copper there is some evidence that 
the peak temperature is strongly dependent upon the 
concentration of impurity, and this implies that the 
activation energy varies with impurity concentra-
tion. 11 
336. W. E. Tefft (see references 316 and 318 by S. Spinner, et al. and 
references 350, 351, 353, 354, 355 and 356 by J. B. WaCh.tman, 
Jr., etal.). 
337. C. L. Theberge (see reference 117 by T. W. Gibbs and C. L. 
Theberge). 
338. S. Timoshenko, On the correction for shear of the differential 
equation for transverse vibration of prismatic bars, Phil. Mag . .!!:_, 
7 44-7 4 6 ( 1 9 21). 
The effect of shear is considered and added to 
the differential equation of motion of a prismatic bar 
in transverse vibrations. An approximation of the 
influence of shear on the frequency of vibration shows 
it to have about four times as large an effect as that 
of rotary inertia. 
339. S. Timoshenko, On the transverse vibrations of bars of uniform 
cross-.section, Phil. Mag. 43, 125-131 (1922). 
An exact solution for the correction due to 
shear for the vibration frequency of a thin rod is 
given. 
340. R. T. C. Tsui, Low temperature internal friction in plastically 
deformed magnesium. Atomic Energy Commission Publication 
No. TID-14140 (1961). 
"The internal friction of hexagonal metal crystals 
of magnesium and zinc was studied between 4. 2°K 
and 300°K at frequencies of about 4 kc and 40 kc. 
Two kinds of internal friction peaks were found in 
cold worked polycrystalline and monocrystalline 
magnesium. The peak at 20°K behaved very much 
like the Bordoni type peak observed in f. c. c. metals. 
The broad peak or peaks occurring from 70°K to 160°K 
showed a strong dependence on plastic deformation. 
Some measurements on deformed single crystals of 
zinc showed the existence of a broad internal friction 
peak in the vicinity of 21 0°K. Some preliminary 
experiments with single crystals of different orien-
tations gave some indications of an effect of orien-
tation." 
341. T. Tsuzuku (see reference 10 by J. F. Andrew, et al. ). 
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342. H. F. G. Ueltz (see reference 17 by N. N. Ault and H. F. G. Ueltz). 
343. S. R. Valluri, Some observations on the relationship between 
fatigue and internal friction. Atomic Energy Commission Publica-
tion No. NACA-TN-3755 (1956); Nuc. Sci. Abs. 10-10189 (1956). 
"Results are presented of an investigation made 
to determine the internal friction and fatigue strength 
of commercially pure 1100 aluminum under repeated 
stress in torsion at various temperatures and stress 
levels in an effort to find if there exists any correla-
tion between internal friction and fatigue character-
istics." 
344. R. C. Valore, Jr. (see reference 315 by S. Spinner and R. C. 
Valore, Jr. ) . 
345. T. Vasilos (see reference 324 by R. M. Spriggs, et al. ). 
346. Z. I. Veselova (see reference 173 by E. K. Keler and Z. I. Veselova). 
34 7. Z. I. Veselova and P. V. Nevredimova, Relation between the 
modulus of elasticity determined by the sonic method and other 
properties of refractories, Ogneupory 21, 221-226 ( 1956); Ceram. 
Abs. 130e (1959). -
11 A comparison of the modulus of elasticity of 
ladle brick and brick for hot blast stoves together with 
crushing strength, porosity, and thermal resistance 
suggested that the acoustic method be used for quality 
control of refractories ... 11 
348. I. I. Vishnevskii (see reference 196 by A. I. Kovalev and I. I. 
Vi shnevskii). 
349. J. B. Wachtman, Jr. and L. H. Maxwell, Factors controlling 
resistance to deformation and mechanical failure in polycrystalline 
(glass -free) ceramics. Atomic Energy Commission Publication 
No. 57-526 ( 1957). 
350. J. B. Wachtman, Jr. and W. E. Tefft, Effect of suspension 
position on apparent values of internal friction determined by 
Forster 1 s method, Rev. Sci. Inst. 29, 517-520 ( 1958). 
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"Values of internal friction determined by 
Forster 1 s method may be in error by an order of 
magnitude if the effect of suspension damping is not 
eliminated. •This damping may be reduced by placing 
the suspension near the nodes of the vibrating specimen, 
but the suspension must be sufficiently far from the 
nodes to provide adequate drive and pickup. The effect 
of suspension damping on measured values of internal 
friction as a function of suspension position was 
calculated. The calculated results were compared 
with experimental results and found to describe the 
variation correctly. The equation expressing this 
variation can be used to correct for suspension damping 
and to obtain the value of the internal friction of the 
specimen itself. Values as low as 5 x 10-6 have been 
determined by this method. 11 
351. J. B. Wachtman, Jr., W. E. Tefft, D. G. Lam, Jr. and R. P. 
Stinchfield, Factors controlling resistance to deformation and 
mechanical failure in polycrystalline {glass free) ceramics. Atomic 
Energy Commission Publication No. 59-278 (1959); Nuc. Sci. Abs. 
14-19443 (1960). 
"The elastic moduli and internal friction of 
several refractory oxide materials were studied. 
The six elastic constants of sapphire were measured 
with particular care and the results were found to 
differ from previously accepted values for four of 
these constants. Young's modulus for single crystal 
sapphire was found to decrease linearly with increasing 
temperature above 100°C. As the temperature was 
decreased below 100°C, Young's modulus first rose 
above the extrapolated high temperature straight line 
and then tended to become constant. The internal 
friction of single crystal sapphire was found to vary 
from 5 x lo-5 to 3 x 10-6 at room temperature. 
Annealing below 500°C decreased the value in a 
specimen with initially high damping. An internal 
friction peak was found in polycrystalline alumina 
with 15o/o lanthanum oxide additive. Young's modulus 
of uranium dioxide was measured as a function of 
temperature. Two internal friction peaks were found 
in polycrystalline zirconium oxide stablized with 5o/o 
calcium oxide ... 11 
352. J. B. Wachtman, Jr. and D. G. Lam, Jr., Young's modulus of 
various refractory materials as a function of temperature, J. Am. 
Ceram. Soc. 42, 254-260 (1959); Ceram. Abs. 159i (1959). 
"Young's modulus as a function of temperature 
was determined by a dynamic method for single-
crystal sapphire and ruby and for polycrystalline 
aluminum oxide, magnesium oxide, thorium oxide, 
mullite, spinel, stabilized zirconium oxide, silicon 
carbide, and nickel bonded titanium carbide. For 
the single crystal, Young's modulus was found to 
decrease linearly with increasing temperature from 
l00°C to the highest temperature of measurement. 
For all the polycrystalline materials except silicon 
carbide, stabilized zirconium oxide, and spinel, 
Young's modulus decreased approximately linearly 
with increasing temperature until some temperature 
range characteristic of the material was reached in 
which Young's modulus decreased very rapidly and in 
a nonlinear manner with increasing temperature. 
This rapid decrease at high temperature is attributed 
to grain-boundary slip. Stabilized zirconium oxide 
and spinel were found to have the same rapid decrease 
in Young's modulus at high temperature, but they also 
had a decidedly non-linear temperature dependence 
at low temperature. 11 
353. J. B. Wachtman, Jr., W. E. Tefft, D. G. Lam, Jr. and R. P. 
107 
Stinchfield, Elastic constants of synthetic single crystal corundum 
at room temperature, J. Research Nat'l. Bur. Stds. 64A, 213-228 
(1960); Ceram. Abs. 152c (1961). --
11 The six elastic constants (and six elastic 
compliances) of corundum were determined in the 
kilocycle per second frequency range by an accurate 
resonance method. The results were checked in the 
megacycle per second range with a less accurate 
pulse velocity method. The elastic moduli for 
polycrystalline alumina calculated from the single 
crystal compliances determined by the resonance 
method are in good agreement with experimental 
values obtained on high density polycrystalline alumina. 
The variation of Young's modulus and of the shear 
modulus with orientation was calculated from the 
compliances, and the results are shown graphically. 
TJ::te results of the present work do not agree well with 
previous work on single crystal sapphire. The 
specifications of orientation and the theory used to 
calculate the elastic constants are given in detail to 
support the contention that the results of the present 
work are correct. 11 
354. J. B. Wachtman, Jr., W. E. Tefft, D. G. Lam, Jr. and R. P. 
Stinchfield, Elastic constants of synthetic single-crystal corundum 
at room temperature, J. Am. Ceram. Soc. 43, 334 (1960). 
The elastic constants and compliances of single 
crystal corundum at 25°C are given and compared with 
data in the literature. 
108 
355. J. B. Wachtman, Jr., W. E. Tefft and D. G. Lam, Jr., Young's 
modulus of single crystal corundum from 77 to 850°K, in W. W. 
Kriegel and H. Palmour 1 eds., Mechanical Properties of Engineer-
ing Ceramics, Interscience Publishers, New York, 1961. 
"An equation is proposed to represent the 
temperature dependence of Young's modulus. This 
equation fits data on some corundum single crystals 
very well. " 
356. J. B. Wachtman, Jr. 1 W. E. Tefft and D. G. Lam, Jr. 1 Elastic 
constants of rutile (Ti02), J. Research Nat'l. Bur. Stds. 66A1 
465-471 (1962); Ceram. Abs. 86j (1963). 
"The six elastic constants (and six elastic com-
pliances) of rutile were determined in the kilocycle per 
second frequency range by a resonance method. " 
3 57. J. B. Wachtman, Jr., Mechanical and electrical relaxation in 
Th02 containing Ca01 Phys. Rev. 131, 517-527 ( 1963). 
The dynamic behavior of oxygen vacancies 
associated with the solid solution of CaO in Th02 is 
treated using an 8-position nearest neighbor model. 
This treatment predicts an internal friction peak 
characterized by a single relaxation time. Both peaks 
have been observed and are in accord with these 
predictions within experimental error. The activation 
energy for the motion of an oxygen vacancy neighboring 
a substitutional Ca ion in 98. 5 Th02 + 1. 5 CaO is 
0. 93 ± 0. 02 eV. 
358. J. B. Wachtman, Jr., M. L. Wheat, H. J. Anderson and J. L. 
Bates, Elastic constants of single crystal uo2 at 25°C. Atomic 
Energy Commission Publication No. HW-SA-3241 (1963). 
359. A. W. Warner (see reference by H. E. Bommel, et al. ). 
360. J. H. Wasilik (see reference by~· K. Cook and J. H. Wasilik). 
361. J. H. Wasilik, Anisotropic relaxation peak in the internal friction 
of crystalline quartz, Phys. Rev. 105, 1174-1180 ( 1957); Ceram. 
Abs. 243d (1960). -
"The height of the loss peak increases by a factor 
of 2. 1 between a sample stressed in the Y direction 
and one stressed in a direction -18. 5° from the Y axis. 
The shape of the peaks can be fitted by a theory of 
Zener (see reference 375) for a relaxation of a 
preferred distribution of impurities induced by stress, 
using an activation energy of 24 kcal/mole and a 
relaxation time of 0. 6x lo-14 sec. The relaxation 
peak may be due to lithium impurity." 
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362. N. A. Weil, Anelastic phenomena in polycrystalline oxide ceramics. 
Atomic Energy Commission Publication No. ASD- TR-61- 628, Part 2: 
477-495 (1963). 
"An internal friction apparatus which vibrates a 
polycrystalline ceramic rod in flexure at low frequencies 
was constructed. The apparatus was designed to 
permit static loading of the specimen in tension while 
it is vibrated. Usinfl this equipment the variation of 
internal friction, Q- , with T, vibration amplitude, 
static load, and time in a Morganite Al203 rod has 
been briefly examined. The temperature variation of 
o- 1 of this oxide is unlike that of Chang's (see reference 
50) pure Alz03 by not having a sharp grain boundary 
relaxation peak, and by showing plastic behavior at a 
lower temperature. The dependence of Q-1 on vibration 
amplitude (which may be transposed into a strain 
amplitude and a corresponding stress) resembles that 
of metals and single crystals in that the rate of increase 
of Q-1 with amplitude rises sharply above a certain 
critical value. However, the activation energy of the 
anelastic process in the alumina ceramic suggests a 
diffusion rather than a dislocation mechanism. In some 
cases, this diffusion process can be shown to be the 
same as that responsible for creep. Where this is true, 
measurements of Q -1 vs amplitude may be used to 
establish, for any desired temperature, the critical 
stress above which creep rates will increase rapidly. 
Static load experiments were rended somewhat 
ambiguous by concomitant frequency changes; indirect 
evidence suggests that the increased stress does 
enhance a broad peak which probably represents a 
spectrum of grain boundary relaxation processes." 
363. N. A. Weil, Effect of porosity, Part II: Theoretical studies. 
Atomic Energy Commission Publication No. ASD-TR-61-628. 
Part 2: 648-683 ( 1963). 
"Theoretical studies of the effect of porosity on 
elastic properties are considered. Following a 
detailed literature review, Hashin's analysis (see 
reference 133) on the effect of elastic inclusion is 
extended to yield closed-form solutions for Young's 
modulus. These results are then simplified for the 
particular case of porosity (empty inclusions), yielding 
definitive and simple expressions of uniform format 
for the effect of porosity on all of the elastic constants. 
The Hasselman-Shaffer equation is shown to be a 
singular case of the more general Hashin equations, 
and a semi-rational form of the strength-porosity 
relationship is suggested •.. " 
110 
364. C. Wert and C. Zener, Interstitial atomic diffusion coefficients, 
Phys. Rev. ~. 1169-ll75 (1949). 
11 An attempt is made to interpret the temperature 
independent factor D0 of the previously determined 
diffusion coefficients of interstitial solute atoms in 
metals. The primary uncertainty in the value of D 0 
given by the standard reaction rate theory resides in 
an entropy factor exp( ll S/R). When cognizance is 
taken of an additional strain in the lattice surrounding 
a solute atom as it passes over a potential energy 
divide, and of the increase in entropy associated with ' 
an increase in lattice strain energy, one can estimate 
a "theoretical" range within which these entropy 
factors should lie. All past observations except for 
C and N in~ -Fe are consistent with this theoretical 
range. The D0 1s for these two systems were, there-
fore redetermined by more precise measurements, 
and are found to be an order of magnitude higher 
than the original values. The associated entropy 
factors are consistent with the theoretical range." 
365. C. S. West (see reference 209 by J. R. Larkin and C. S. West). 
366. W. A. Weyl (see reference 147 by L. C. Hoffman and W. A. Weyl). 
367. M. L. Wheat (see reference 358 by J. B. Wachtman, Jr., et al. ). 
368. D. R. Wilder (see reference 228 by M. 0. Marlowe and D. R. 
Wilder). 
369. J. Wilkes, The dependence of internal friction on frequency, Phil. 
Mag.~ .. 1379-1382 (1959). 
The strain amplitude independent internal friction 
of pure metals and dilute alloys has been attributed to 
viscous -like damping of lengths of dislocations, 
anchored at each end by some form of pinning point 
and vibrating with the appliep stress. This model 
predicts that the internal friction be proportional to 
the frequency of oscillation. This dependence has 
not been observed in all materials, which may be 
explained by the change in effective loop length with 
frequency, making the total dependence of internal 
friction on frequency quite small, rather than directly 
proportional. 
370. T. A. Willmore, R. S. Degenicolb, R. H. Herron and A. W. Allen, 
Application of sonic moduli of elasticity and rigidity to testing of 
heavy refractories, J. Am. Ceram. Soc. 37, 445-457 ( 1954); 
Ceram. Abs. 207b (1954). -
"The application of ASTM C215-5l T (Tentative 
Method of Test for Fundamental Transverse Frequency 
of Concrete Specimens for Calculating Young's Modulus 
of Elasticity)(see reference 6) to the nondestructive 
testing of 1-by 1-by 7 -in. laboratory fire-clay specimens 
and standard 9-in. fire-clay and high-alumina refractory 
brick is reviewed. Both room-temperature measure-
ments and hot sonic modulus of elasticity measurements 
to l700°F are analyzed. Sonic moduli of elasticity and 
rigidity are compared with modulus of rupture by a 
theory of measurements and statistical analysis. The 
limits of uncertainty of the average modulus of rupture 
are shown to be a function of the degree of vitrification 
whereas in the case of both sonic moduli they are not. 
Limits of uncertainty of the average of sonic moduli 
data are usually of the same order as errors calculated 
from the precision of measurements. In the case of 
modulus of rupture of well-vitrified clays, the un-
certainty of the average is much greater than calculated 
error limits. Sonic moduli differentiate statistically 
between two samples of 60o/o alumina brick whereas 
modulus of rupture does not. If Poisson's ratio is 
assumed to be zero rather than the conventional one-
sixth, ratios of sonic modulus of elasticity to rigidity 
are shown to approximate the theoretical ratio more 
closely. Effects of nonuniform density to displace 
normal nodes are illustrated. Hot sonic modulus of 
elasticity is shown to reflect changes due to crystallo-
graphic inversions, deterioration of chemical bond in 
unfired brick, and development of sintered bond in 
unfired brick. " 
371. D. C. Wobschall (see reference 246 by S. Mrozowski, et al.). 
Ill 
372. R. E. Womack, Modulus of elasticity equipment for hot cell 
applications. Atomic Energy Commission Publication No. UCRL-
7173 (1963); Nuc. Sci. Abs. 17-40987 (1963). 
"Equipment has been developed for in-cell 
determination of the modulus of elasticity of 
materials by the resonance method. Size, cost and 
ease of replacement are favorable factors ... " 
373. D. J. C. Wood (see reference 29 by J. J. Benbow and D. J. C. Wood). 
374. T. -T. Wu, On the parametrization of the elastic moduli of two-phase 
materials. Atomic Energy Commission Publication No. TID-19954 
(1963); Nuc. Sci. Abs. 18-8020 (1964). 
"A single parameter is suggested to account for 
the complicated stress and strain distributions in two-
phase materials. Its existence requires verification 
from extensive experimental studies." 
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375. C. M. Zener (see reference 24 by A. H. Barnes and C. M. Zener). 
376. C. M. Zener, Elasticity and Anelasticity .2f Metals, University of 
Chicago Press, Chicago, 1948. 
377. C. M. Zener (see reference 364 by C. Wert and C. M. Zener). 
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98. M. E. Fine and C. Chiou, Acoustic relaxation effect in Mn30 4 , 
Phys. Rev. 105, 121-122 (1957); Ceram. Abs. 243c (1960). 
"Internal friction of hausmannite, Mn304, was 
determined by the resonant longitudinal method using 
piezoelectric. excitation and detection at frequencies 
of 50 to 180 kc/ sec. By analogy with the isomorphous 
magnetite and Ni-Fe ferrites the internal friction 
peaks were attributed to stress induced change in the 
distribution of Mn2+ and Mn4+. The activation energy 
is 9500 cal/mole." 
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EEL TO PULLMAN-STANDARD CAR MANUFACTURING COMPANY= BIBLIOGRA 
GIS MODULI Of ZIRCONIUM CARBIDE CONTAINING A DISPERSED PHASE 
IGN CRITERIA OF SILICON CARBIDE= MECHANICAL PROPERTIES OF SE 
RMATION OF TWO TYPES OF CARBIDES DURING THE AGING AFTER ALPH 
THE SOLID SOLUTIONS OF CARBON AND NITROGEN IN IRON= ELASTIC 
Of SHALL QUANTITIES OF CARBON AND NITROGEN ON THE ELASTIC A 
TIAL SOLID SOLUTIONS OF CARBON AND OXYGEN IN TANTALUM= INTER 
D THERMAL PROPERTIES OF CARBON BASE BODIES• INVESTIGATION Of 
CT AND THE DIFFUSION OF CARBON IN ALPHA IRON= THEORY Of THE 
CTION STUDY OF VERY LOW CARBON= AN INTERNAL FRI 
!ELASTIC PROPERTIES OF CARBONS AND GRAPHITESI= PROGRESS-REP 
ALS= INFLUENCt OF SMALL CAVITIES ON VELOCITY OF SOUND IN MET 
!CITY ~QUIPMtNT FOR HOT CELL APPLICATIONS= MODULUS OF ELAST 
MS OF WATtR IN HARDENED CEMENT ~ASTE AND ORYING SHRINKAGE, S 
US OF ELASTICITY OF THE CERAMIC BODIES BY AUDIO FREQUENCY= E 
RtQUENCY= ELASTICITY UF CtRAMIC MATERIALS AND THEIR INTERNAL 
ODULUS OF tLASTICiTY OF CERAMIC MATERIALS BY FLEXURE= YOUNG/ 
~ICTIUN MEASUREMENTS OF CERAMIC MArERIALS= INTERNAL F 
HE THtRMAL EXPANSION OF CERAMIC MATERIALS= INVESTIGATIUN OF 
AND LOW ELASTIC MODULUS CERAMIC MATERIALS= STUOY OF COMBINAT 
AND LOW ELASTIC MODULUS C~ R AMIC MATERIALS= STUDY UF CUMtllNAT 
MPERATURES= SONORITY OF CERAMIC PRODUCTS AND THEIR FIRING TE 
IES OF HIGH-TEMPERATU~E C~RAMICS AND CERMETS-ELASTICITY AND 
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AND VISCO-ELASTICITY IN CE RAMICS. INTRO DUCTIO N= SYMPJSIUM UN 
INTRUDUCTION TO CERAMICS= 
N POLYCRYSTALLINE OXIDE CERAMICS= ANELASTIC PHENOMENA 1 
CONSTANTS UF GLASS AND CERAMICS= APPARATUS FOR DETERMINING 
ULUS OF POLYCRYSTALLINE CERAMIC S= EFFECT OF OPEN AND CLOSED 
RYSTALLINE (GLASS-FREEI CERAMICS= FACTORS CONTROLLING RESIST 
RYSTALLINE (GLASS-FREEI CERAMICS= FACTORS CONTROLLING RESIST 
CTION IN SINGLE CRYSTAL CERAMICS= INTERNAL FRI 
TION OF BARIUM TITANATE CERAMICS= INTERNAL FRIC 
REEP IN POLYCRYSTALLINE CERAMICS= INTERNAL FRICTION AND C 
ANTS OF BARIUM TITANATE CERAMICS= MEASUREMENTS OF DIELECTRIC 
OPERTIES OF ENGINEERING CERAMICS= MECHANICAL PR 
tCHANICAL PROPERTIES OF CERAMICS= MICROSTRUCTURE AND M 
liRCONIA WITH TITANIA, CERIA, AND CHROMIA= SOME PROPERTIES 
ASTIC CONSTANTS OF SOME CERMENT SPECIMENS= TEMPERATURE OEPEN 
EMPERATURE CERAMICS AND CERMETS-ELASTICITY AND DENSITY AT RO 
NGLE CRYSTALS OF SODIUM CHLORIDE AND LITHIUM FLORIDE= LOW TE 
ELASTIC DEFORMATION OF CHROME-MAGNESITE REFRACTORIES BY THE 
ITH TITANIA, CERIA, AND CHROMIA= SOME PROPERTIES OF PORCELAI 
INTERCRYSTALLINE COHESION IN METALS= 
MODULUS OF RUPTURE AND COLO CRUSHING STRENGTH OF REFRACTORY 
CIPITATION OF COPPER IN COLO-WORKED ALUMINUM-COPPER ALLOYS= 
0-ELASTIC PROPERTIES OF COMPOSITE MEDIA= THE ELASTIC AND THE 
PORCELAIN ENAMEL-METAL COMPOSITIES= SONIC METHOD FOR MEASUR 
0 ALUMINA AND ZIRCONIA= COMPRESSION STRENGTH OF POROUS SINTE 
YLINOERS= EQUATIONS FOR COMPUTING ELASTIC CONSTANTS FROM FLE 
ORSIONAL FREQUENCIES OF CONCRETE SPECIMENS C215-55T= TENTATI 
ORSIONAL FREQUENCIES OF CONCRETE SPECIMENS C215-b0= STANDARD 
TRANSVERSE FREQUENCY OF CONCRETE SPECIMENS FOR CALCULATING M 
TRANSVERSE FREQUENCY OF CONCRETE SPECIMENS FOR CALCULATING M 
LATTICE IMPERFECTIONS~ CONFERENCE ON INTERNAL FRICTION DUE 
TALLINE THORIA= ELASTIC CONSTANT-POROSITY RELATIONS FOR POLY 
TICITY= NON-DESTRUCTIVE CONTROL OF MATERIALS NEW DYNAMIC ~ET 
FREEl CERAMICS= FACTORS CONTROLLING RESISTANCE TO OEFORMATIO 
FREEl CERAMICS= FACTORS CONTROLLING RESISTANCE TO DEFORMATIO 
EO THE PRECIPITATION OF COPPER IN COLD-WORKED ALUMINUM-COPPE 
HE INTERNAL FRICTION OF COPPER= SOME EFFECTS OF ELECTRON lRR 
YNTHETIC SINGLE CRYSTAL CORUNDUM AT ROOM TEMPERATURE= ELASTI 
YNTHETIC SINGLE-CRYSTAL CORUNDUM AT ROOM TEMPERATURE= ELASTI 
DULUS OF SINGLE CRYSTAL CORUNDUM FROM 77 TO 850 DEG. K= YOUN 
NUM OXIDE= CREEP AND ANELASTIC STUDIES OF ALUMI 
CREEP AND RECOVERY= 
INTERNAL FRICTION AND CREEP IN POLYCRYSTALLINE CERAMICS= 
EMPERATURES. II. DESIGN CRITERIA OF SILICON CARBIDE= MECHANI 
FuR BARS OF RECTANGULAR CROSS SECTION= COMPARISON OF THEORET 
FRICTION OF Ll~EAR AND CROSS-LI~KEO PHOSPHATE GLASS AND MET 
IONS OF BARS OF UNIFORM CROSS-SECTION~ ON THE TRANSVERSE VI~ 
LUS OF RUPTURE AND COLO CRUSHIN~ STRENGTH OF REFRACTORY MATE 
RNAL FRICTION IN SINGLE CRYSTAL CERAMICS= INTE 
NTS OF SYNTHETIC SINGLE CRYSTAL CORUNDUM AT ROOM TEMPERATURE 
UNG/S MODULUS OF SINGLE CRYSTAL CORUNDUM FROM 77 TO 85C DEG. 
NTERNAL FRICTION DUE TO CRYSTAL LATTICE IMPERFECTIONS= CONFE 
PROPERTIES= PROGRESS IN CRYSTAL PHYSICS. VOL. I, THERMAL ELA 
ONS AND ANELASTICITY OF CRYSTAL QUARTZ= DISLOCATIONS RELAXAT 
TIC CONSTANTS OF SINGLE CRYSTAL URANIUM DIOXIDE AT 25 OEG. C 
HE INTERNAL FRICTION OF CRYSTALLINE QUARTZ= ANISOTROPIC RELA 
ICTION OF PROGRESSIVELY CRYSTALLIZED GLASSES= INTERNAL FR 
RICTION PEAKS IN SINGLE CRYSTAL~ OF SODIUM CHLORIDE AND LITH 
TIC CONSTANTS OF SINGLE CRYSTALS= AN APPROXIMATION METHOD fO 
N ALUMINUM OXIDE SINGLE CRYSTALS= HIGH TEMPERATURE KILOCYCLE 
DIES ON POLYCRYSTALLINE CRYSTALS= INTERNAL FRICTION MEASUREM 
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fS I. 5TUUIL5 ON SINGLE CRYSTAL~= INTERNAL FRJCTIUN M~ASURtM 
H~ ELA~TIC CONSTANTS UF CRYSfALS= T 
NSTANTS OF METAL SINGLE CKYSTAL5= THE INFLUENCE UF OISLUCATI 
RICTIUN Of ~INGLE MF.TAL CRYSTALS= THE INTERNAL F 
lrlRATIONS UF PRISMS AND CYLINDERS= EQUATIONS FOR COMPUTING E 
ASTICITY !SONIC METHODl C2l~-47T= TENTATIVE METHOD OF TEST F 
ASTICITY (SONIC METHOD) C2l~-51T= TENTATIVE METHOD OF TtST F 
S OF CONCRETE SPECIMENS C215-55T= TENTATIVE METHOD OF TEST F 
S OF CONCRETE SPECIMENS C2l~-60= STANDARD METHOD UF TEST FOR 
S AND IMPURITIES ON THE DAMPING AND ELASTIC CONSTANTS OF MET 
OMPANY= BIBLIOGRAPHY ON DAMPING CAPACITY OF STEEL TO PULLMAN 
OF SOLUT~ ATOMS ON THE DAMPING DUE TO DISLOCATIONS IN IRON 
THEORY OF MECHANICAL DAMPING DUE TO DISLOCATIONS= 
GRAIN BOUNDARY DAMPING I. PURE IRON= 
= GRAIN BOUNDARY DAMPING II. IRON INTERSTITIAL ALLOYS 
DAMPING IN METALS= 
Y OF METALS BY MEANS OF DAMPING MEASUREMENTS= DETERMINATION 
ASTICITY AND MECHANICAL DAMPING OF CERTAIN GLASSES= EFFECTS 
DOLUS OF ELASTICITY AND DAMPING= A NEW METHOD FOR THE DETERM 
SS BARS= DECAY OF VIBRATIONS PHENOMENA OF GLA 
ON IRRADIATED TUNGSTEN= DEFECT PRODUCTION, INTERNAL FRICTION 
L FRICTION DUE TO POINT DEFECTS= REVIEW OF INTERNA 
NTROLLING RESISTANCE TO DEFORMATION AND MECHANICAL FAILURE I 
NTROLLING RESISTANCE TO DEFORMATION AND MECHANICAL FAILURE I 
TURES= STUDY OF ELASTIC DEFORMATION OF CHROME-MAGNESITE REFR 
SOUND WAVES UN PLASTIC DEFORMATION= ON THE INFLUENCE OF THE 
FRICTION IN PLASTICALLY DEFORMED MAGNESIUM= LOW TEMPERATURE 
ON PEAKS IN PLASTICALLY DEFORMED POLY-CRYSTALLINE NIOBIUM= L 
N ELASTIZITATSMODUL BEl OEHNUNGSCHWINGUNGEN FERRUMAGNETISCHE 
CERMETS-ELASTICITY AND DENSITY AT ROOM TEMPERATURE= PROPERT 
US OF ELASTICITY TO THE DENSITY OF TITANIUM ALLOYS= INCREASI 
EN= UBER DIE GESTIMMUNG DES ELASTIZITATSMOOULS VON STABEN Ml 
N GRAPHITE= SONIC DETERMINATION OF ELASTIC CONSTANTS I 
OTE REGARDING THE SONIC DETERMINATION OF MODULUS OF ELASTIC! 
ES BY THE SONIC METHOD= DETERMINATION OF MODULUS OF ELASTIC! 
ES BY A DYNAMIC METHOD= DETERMINATION OF THE ELASTIC CONSTAN 
PPROXIMATION METHOD FOR DETERMINATION OF THE ELASTIC CONSTAN 
METHOD FOR THE DYNAMIC DETERMINATION OF THE ELASTIC DIELECT 
X1Xl6CM MORTAR PRISMS= DETERMINATION OF THE ELASTICITY ON 4 
G= A NEW METHOD FOR THE DETERMINATION OF THE MODULUS OF ELAS 
S AT HIGH TEMPERATURES= DETERMINATION OF THE MODULUS OF ELAS 
F DAMPING MEASUREMENTS= DETERMINATION OF THE PURITY OF METAL 
RS= ON THE EXPERIMENTAL DETERMINATION OF THE VISCOSITY OF VI 
DYNAMIC METHODS= ON THE DETERMINATION OF YOUNG/S MODULUS BY 
FLEXURAL VIBRATION= THE DETERMINATION OF YOUNG/S MODULUS BY 
BY A VIBRATION METHOD= DETERMINATION OF YOUNG/S MODULUS FOR 
OME DYNAMIC METHODS FOR DETERMINATION OF YOUNG/$ MODULUS= S 
AND YOUNG/S MODULUS IN DEUTERON IRRADIATED TUNGSTEN= DEFECT 
AT HIGH TEMPERATURES= DEVICE FOR MEASURING YOUNG/S MODULUS 
MINATION OF THE ELASTIC DIELECTRIC AND PIEZOELECTRIC CONSTAN 
RAMICS= MEASUREMENTS UF DlELtCTRIC ELASTIC AND Pl~ZOELECTRIC 
ANELASTICITY AND DIELECTRIC LOSS OF QUARTZ= 
ELASTIC MEASUREMENTS OF DIFFUSION COEFFICIENTS IN F.C.C. SUB 
INTERSTITIAL ATOMIC DIFFUSION COEFFICIENTS= 
FRICTION AND SODIUM ION DIFFUSION IN TANK PLATE GLASS A TYPl 
BY I~TERSTITIAL ATOMIC DIFFUSIUN IN TANTALUM= STRESS RELAXA 
IC AFffR-EFFECT A~D THE DIFFUSION OF CARBON IN ALPHA !RUN= T 
SOCIATEO wiTH ZIRCONIUM OlHYD~IOE= PHASE TRANSFORMATIONS TWI 
OOULU5 OF ELASTICITY OF DI~Nt~WARE BODIES BY SONIC VIBRATION 
SINGLt CRYSTAL URANIUM D!OX!Dt AT 25 DEG. C= ELASTIC CONSTA 
UtNC!t5 = APPLICAII ON OF DISLOCATION THEORY fO INTERNAL FRICT 
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THE S!Zt OF A DISLOCATION= 
STALS= TH~ INFLUENCE OF DISLOCATIONS AND IMPURITIES ON THE D 
THE INTERACTION BETWEEN DISLOCATIONS AND SOLUTE ATOMS= INTER 
S ON THE DAMPING DUE TO DISLOCATIONS IN IRON ALLOYS• THt INF 
CITY OF CRYSTAL QUARTZ= DISLOCATIONS RELAXATIONS AND ANclAST 
ICTIDN PHENOMENA DUE TO DISLOCATIONS= INTeRNAL FR 
CHANICAL DAMPING DUE TO DISLOCATIONS= THEORY OF ME 
UM CARBIDE CONTAINING A DISPERSeD PHASE OF uRAPHITE• EXPERIM 
OUNDARIES= DISSIPATION OF ENERGY BY THE GRAIN B 
RDENED CEMENT PASTE AND DRYING SHRINKAGE, STRENGTH, AND OYNA 
RE RESILIENT MATERIALS= DYNAMIC AND STATIC TESTS FOR MECHANI 
QUARTZ= METHOD FUR THt DYNAMIC DETERMINATION OF THE ELASTIC 
S= EleVATED TEMPERATURE DYNAMIC ELASTIC MODULI OF VARIOUS ME 
S AT HIGH TEMPERATURES= DYNAMIC METHOD FOR DETERMINING THE E 
ONTROL OF MATERIALS NEW DYNAMIC METHOD FOR MEASURING THE CON 
ASTICITY CONSTANTS• NEW DYNAMIC METHOD FOR THE MEASUREMENT 0 
IGH TEMPERATURE= ON THE DYNAMIC METHOD OF DETERMINING THE YO 
TS OF REFRACTORIES BY A DYNAMIC METHOD• DETERMINATION OF THE 
MODULI OF GLASSES BY A DYNAMIC METHOD= ELASTIC 
YDUNG/S MODULUS= SOME DYNAMIC METHODS FUR DETERMINATION OF 
N OF YUUNG/S MODULUS BY DYNAMIC METHODS= ON THE DtTERMINATIO 
HRINKAGE, STRENGTH, AND DYNAMIC MODULUS OF ELASTICITY= RELAT 
TEMPERATUREN= UBER ElNE DYNAMISCHE METHOD lUR BESTIMMUNG DER 
TISCHER STABE= UBER DEN EINFLUSS DER MAGNETISIERUNG AUF DEN 
TRAGONAL MARTENSITE AND ELASTIC AFTER EFFECT IN IRON= TE 
PHA IRON= THEORY UF THE ELASTIC AFTER-EFFECT AND THE DIFFUSl 
ATURE APPLICATIONS= THE ELASTIC AND ANELASTIC PROPERTIES OF 
T VERY LOW TEMPERATURE= ELASTIC AND INELASTIC BEHAVIOR OF SO 
HYSICS. VOL. I, THERMAL ELASTIC AND OPTICAL PROPERTIES• PRUG 
SUREMENTS OF DIELECTRIC ELASTIC AND PIEZOELECTRIC CONSTANTS 
BON AND NITROGEN ON THE ELASTIC AND PLASTIC PROPERTIES OF IR 
= EFFECT OF POROSITY ON ELASTIC AND SHEAR MODULI OF POLYCRYS 
ODIES= INVESTIGATION OF ELASTIC AND THERMAL PROPERTIES OF CA 
OF COMPOSITE MEDIA= THE ELASTIC AND THERMO-ELASTIC PROPERTIE 
POLYCRYSTALLINE THORIA= ELASTIC CONSTANT-POROSITY RELATIONS 
RATIONS OF LOADED BARS= ELASTIC CONSTANTS AND SOUND VELOCITI 
EQUATIONS FUR COMPUTING ELASTIC CONSTANTS FROM FLEXURAL AND 
SONIC DETERMINATION OF ELASTIC CONSTANTS IN GRAPHITE= 
NG SPHERICAL HOLES= THE ELASTIC CONSTANTS OF A SOLID CONTAIN 
ERIALS= THE ELASTIC CONSTANTS OF ANISOTROPIC MAT 
ERIALS II= THE ELASTIC CONSTANTS OF ANISOTROPIC MAT 
REMENTS= SINGLE-CRYSTAL ELASTIC CONSTANTS OF BERYLLIUM OXIDE 
THE ELASTIC CONSTANTS OF CRYSTALS= 
JUS FOR DETERMINING THt ELASTIC CONSTANTS OF GLASS AND CERAM 
H NONRIGID FILLERS= THE ELASTIC CONSTANTS OF MATERIALS LOAUE 
TIES ON THE DAMPING AND ELASTIC CONSTANTS OF METAL SINGLE CR 
RIALS= PREDICTIONS OF ELASTIC CONSTANTS Of MULTIPHASE MATE 
0= DETERMINATION OF THE ELASTIC CONSTANTS Of REFRACTORIES BY 
ELASTIC CONSTANTS OF RUTILE ITIU21= 
M DIOXIDE AT 25 DEG. C= ELASTIC CONSTANTS OF SINGLE CRYSTAL 
OR DETERMINATION OF THE ELASTIC CONSTANTS OF SINGLE CRYSTALS 
MPERATURE DEPENDENC~ OF ELASTIC CONSTANTS ~F SOME CERMENT SP 
UM AT ROOM TEMPERATURE= ELASTIC CONSTANTS ~F SYNTHETIC SINGL 
UM AT RUOM TEMPERATURE= ELASTIC CONSTANTS OF SYNTHETIC SINGL 
ATURE DEPENDENC~ OF THE ELASTIC CONSTANTS OF THORIA SPECIMEN 
MPERATURE DEPENDENCE OF clASTIC CONSTANTS OF VITREOUS SILICA 
ATION OF SINGLE-CRYSTAL ELASTIC CONSTANTS TO POLYCRYSTALLINE 
Al ION OF SINGLE-CRYSTAL ELASTIC CONSTANTS TO POLYSTALLINE IS 
TEMPERATURES= STUDY UF ELASTIC DEFORMATION OF CHROME-MAGNES 
IC DETERMINATIO~ UF THE ELASTIC DIELECTRIC AND PIEZOELECTRIC 
RATUS FOR MEASURING THE ELASTIC MODULI AND INTERNAL FRICTION 
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ATUKE DEPENDENCt OF THE ELASTIC MODULI AND INTERNAL FRICTION 
I~S AND FOR CALCULATING ELASTIC MODULI FROM THESE FREUUtNCIE 
F SPHERICAL PUMOSITY ON ELASTIC MODULI OF GLASS= tFFECl OF S 
IC METHOD= ELASTIC MODULI OF GLASSES BY A DYNAM 
RIALS= THE ELASTIC MODULI OF HETEROGENEOUS MATt 
LYCRYSTALLINE ISOTROPIC ELASTIC MODULI OF MAGNESIUM OXIDE= C 
POLYSTALLINE ISOTROPIC ELASTIC MODULI OF MAGNESIUM OXIDE= R 
ANCE= DETERMINING ELASTIC MODULI OF MATERIALS BY RESON 
PEN AND CLOSED PORES ON ELASTIC MODULI OF POLYCRYSTALLINE AL 
ERMAL DEPENDENCE OF THE ELASTIC MODULI OF POLYCRYSTALLINE GR 
GNESIA ALUMINA SPINEL= ELASTIC MODULI UF PULYCRYSTALLINE MA 
OSITY DEPENDENCE OF THE ELASTIC MODULI OF POLYCRYSTALLINE RE 
HOD FUR DETERMINING THE ELASTIC MODULI OF REFRACTORIES AT HI 
PARAMETRIZATION OF THE ELASTIC MODULI OF TWO-PHASE MATERIAL 
TED TEMPERATURE DYNAMIC ELASTIC MODULI OF VARIOUS METALLIC M 
NATIONS OF HIGH AND LOW ELASTIC MODULUS CERAMIC MATERIALS= S 
NATIONS OF HIGH ANU LUW ELASTIC MODULUS CERAMIC MATERIALS= S 
R EFFECT OF POROSITY UN ELASTIC MODULUS OF POLYCRYSTALLINE R 
ROOM TEMPERATURE= SOME ELASTIC PROPERTIES OF BERYLLIUM OXIO 
S-REPORT-NUMBER-13 ON I ELASTIC PROPERTIES OF CARBONS AND GR 
GENERAL METALLURGY II. ELASTIC PROPERTIES= 
N AND NITROGEN IN IRON= ELASTIC RELAXATION AND SOME OTHER PR 
E= INVESTIGATION OF THE ELASTIC-PLASTIC BEHAVIOR OF A HARD P 
CALCULATING MODULUS OF ELASTICITY !SONIC METHODI C215-~7T= 
CALCULATING MODULUS OF ELASTICITY !SONIC METHODI C215-51T= 
S= ELASTICITY AND ANELASTICITY OF METAL 
ATION OF THE MODULUS OF ELASTICITY AND DAMPING= A NEW METHOD 
STALLINE YTTRIUM OXIDE= ELASTICITY AND INTERNAL FRICTION OF 
ELECTRON BOMBARDMENT ON ELASTICITY AND MECHANICAL DAMPING OF 
liON OF SONIC MODULI OF ELASTICITY AND RIGIDITY TO TESTING 0 
liON OF SONIC MODULI OF ELASTICITY AND RIGIDITY TO TESTING 0 
RODUCTION~ SYMPOSIUM ON ELASTICITY AND VISCO-ELASTICITY IN C 
RING YOUNG/S MODULUS OF ELASTICITY AT HIGH TEMPERATURE= A SO 
RING YOUNG/S MODULUS OF ELASTICITY BY MEANS OF SONIC VIBRATI 
FOR THE MEASUREMENT OF ELASTICITY CONSTANTS• NEW DYNAMIC ME 
BETWEEN THE MODULUS OF ELASTICITY , DETERMINED BY THE SONIC M 
PLICATIONS= MODULUS OF ELASTICITY EQUIPMENT FOR HOT CELL AP 
ATURE DEPENDENCE OF THE ELASTICITY MODULUS OF PURE METALS= T 
IES BY AUDIO FREQUENCY= ELASTICITY OF CERAMIC MATERIALS AND 
URE= YOUNG/S MODULUS OF ELASTICITY OF CERAMIC MATERIALS BY F 
TION METHOD= MODULUS OF ELASTICITY OF DINNERWARE BODIES BY S 
N AND OF THE MODULUS OF ELASTICITY OF GLASSES= TEMPERATURE 0 
D ON YOUNG/S MODULUS OF ELASTICITY OF POLYCRYSTALLINE MATER! 
RING YOUNG/S MODULUS OF ELASTICITY OF PORCELAIN ENAMEL-METAL 
APPARENT MODULUS OF ELASTICITY OF POROUS SOLIDS= 
ATION OF THE ~ODULUS OF ELASTICITY OF REFRACTORIES AT HIGH T 
RMINATION OF MODULUS OF ELASTICITY OF REFRACTORIES BY THE SO 
EMENTS UF THE MODULI OF ELASTICITY OF REFRACTORY MATERIALS A 
ASUREMENT OF MODULUS OF ELASTICITY OF THE CERAMIC BODIES BY 
= DETERMINATION OF THE ELASTICITY ON 4X1Xl6CM MORTAR PRISMS 
OF MATTER= ELASTICITY PLASTICITY AND STRUCTURE 
THE RATIO OF MODULUS 0~ ELASTICITY TO THE DENSITY OF TITANIU 
RMINATION OF MODULUS OF ELASTICITY USING ROUND-SECTION BARS= 
IN REFRACTORIES= ELASTICITY-TEMPERATURE RELATIONSHIPS 
MATHEMATICAL THEORY OF ELASTICITY= A TREATISE ON THE 
MPERATURE UN MODULUS UF ELASTICITY= EFFECT OF TE 
SURING THE CONSTANTS OF ELASTICITY= NON-DESTRUCTIVE CONTROL 
AND DYNAMIC MODULUS OF ELASTICITY= RELATION BETWEEN THREE F 
NI~G YOUNG/S MODULUS OF ELASTICITY= SONIC METHOD FOR DETERMI 
PERATURA5HANGIGKEI r DER ELASTISLHEN KUNSTANTEN STABFORMIGER 
MAGNETIS!EKUNG AUF DiN ELASTIZITATSMODUL &tl DEHNUNGSCHWING 
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USE~ DIE BESTIMMUN~ DtS ELASTiliTATSMODULS VON STABEN MIT HI 
tXCITED EXTENSUMETER ( ELASTO~ERI= RESULTS OaTAINED WITH AN 
M OXIDE= MECHANICAL AND ELECTRICAL RELAXATION IN THORIUM UXI 
LASS IV. CORRELATION OF ELECTRICAL STRAIN ~ITH MECHANICAL ST 
AIN GLASSES= EFFECTS OF ~LECTRON BOMBARDMENT ON ELASTICITY A 
COPPER= SOME EFFECTS OF EL~CTRON IRRADIATION ON THE INTERNAL 
ESULTS OBTAINED WITH AN ELECTROSTATICALLY EXCITED EXTENSOMET 
OUS METALLIC MATERIALS= ELEVATED TEMPERATURE DYNAMIC ELASTIC 
S OF SELECTED ALLOYS AT ELEVATED TEMPERATURES. II. DESIGN CR 
ISDN OF THEORETICAL AND EMPRICAL RELATIONS BETWEEN THE SHEAR 
ELASTICITY OF PORCELAIN ENAMEL-METAL COMPOSITIES= SONIC METH 
M REPORT FOR THE PERIOD ENDING JUNE 30, 1956• ANNUAL PROGRA 
TH AN ELECTROSTATICALLY EXCITED EXTENSOMETER IELASTOMERI= RE 
INFLUENCE OF THERMALLY EXCITED SOUND WAVES ON PLASTIC DEFOR 
ASPECTS UF THE THERMAL EXPANSION OF CERAMIC MATERIALSs INVE 
CULARLY ALUMINUM OXIDE= EXPRESSION FOR EFFECT OF POROSITY ON 
ROUS REFRACTORY OXIDES= EXPRESSION FOR SHEAR MODULUS AND POI 
ECTROSTATICALLY EXCITED EXTENSOMETER IELASTOMER)s RESULTS 08 
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